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HIGHER ALGEBRA 


CHAPTER I 
THEORY OF NUMBERS (1) 


In this section we discuss properties peculiar to whole numbers. The word 
‘number’ *s taken to mean ‘whole number,’ and, unless otherwise stated, 
‘ positive whole number.’ 


1. Division. (l) Let b be any positive whole number, and consider 
the sequence 
...~3b, —2b, —b, 0, b, 26, 3b, ... 
continued indefinitely both ways. Any whole number a (positive, negative 
or zero) is either a term of this sequence, or it lies between two cdasecutive 
terms. Thus two numbers q and r can be determined uniquely so that 


G=bG+F And, “O60. oaoa i (A) 


To divide a by b is to find the numbers q and r which satisfy these con- 
ditions ; q is called the quotient and r the remainder. 

If r=0, we say that a is divisible by b or is a multiple of b, and that 
b is a divisor or a factor of a. Among the divisors of a numer we count 
the number itself and 1. 

Whatever b may be, 0=b.0+0; hence zero must be regarded as 
divisible by every whole number. 


(2) If r=b—7’, we have 
a=b(q+1)-r and 0<7r’<b; 


also if r>>4b then 7’<4b. Hence it is always possible to find numbers Q 


and R such that 
a=bQ0+R and | R|<hb. 


Exz.1. Every number is of one of the forms 5n, 5n +1, 5n +2. 


For if any number is divided by 5, the remainder is one of the numbers 
0, 1, 2, 5-2, 5~1. 


2 DIVISION 


Ex. 2. Every square number is of one of the forms 5n, 5n+1. 


The square of every number is of one of the forms (51), (Sm-£1)2, (5m 42). If 
these are divided by 5, the remainders are 0, 1, 4; and, since 4=5—1, the forms are 
5n, 5n+1, and 5n-1. 


Ex. 3. The square of every odd number ts of the form 8n +1. 


For (24+1)?=4k(k+1)+1, and either k or k+1 must be even, so that k(k +1) is 
divisible by 2. 


2. Theorems on Division. 
(1) Lf both a and b are divisible by c, so also is ma +nb. 


(2)°Lf r is the remainder when a is divided by b, then cr is the remainder 
when ca is divided by cb. 


For if . a=bq+r and O<r<d, 
then ca=(cb)g+cr and O<er<cb. 


(3) Lf both a and b are divisible by c, and r is the remainder when a 1s 
divided by b, then (i) r is divisible by c and (ii) r/c is the remainder when afc 
as divided by b/c. 

For if a=bq+r and 0O<r<b, then since a and b are divisible by c, so 
also is r, which is equal to u — bq. Thus we have 


a/e=(b/e)g+r/e where O<r/ce<6/e. 


3. Theorems on the Greatest Common Divisor. 


(1) If r is the remainder when a is divided by b, the common divisors of 
a and 0 are the same as those of band r. 

For, since a =bq +r, every common divisor of b and r is a divisor of a ; 
and, since r=a—bq, every common divisor of a and b is a divisor of r. 
This proves the statement in question. 


(2) Ifa and bare any two numbers, there exists a number g, and one only, 
such that the common divisors of a and b are the same as the divisors of g. 


For numbers (qi, 71), (qz T2), etc., can always be found in succession, 
and uniquely, so that 


A=69q, +r; O=] +T 1T=Teg tg, CUC., crceceerceseees (A) 
where b>1,>7re> 73... 0. 


Since the number of positive integers less than b is limited, a zero 
remainder must occur; and, supposing that r,,,, =0, the process terminates 
with 

Tn-2 = n-]n ttn» Tn-1=TnInsr- 
‘N 
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Hence, by (A), the following pairs of numbers have the same common 
divisors : 


(a, b) (b, rı), (Tis To), aa. (rai Tn) ; 


and, since 7,_1=1nJn41 the common divisors of 7,_, and r, are the divisors 
of r,. Hence the number g exists, and its value is rẹ. 

Since g is divisible by any common divisor of a and 8, it is the greatest 
common divisor of these numbers and is known in elementary arithmetic 
as the greatest common measure (¢.c.M.) of a and b.* 


(3) If a and b are each multiplied by:any number m, or are divided by a 
common divisor m, then g, the greatest common divisor of a and b, is multiplied 


or divided by m. 
For each of the 7’s in the proof of (2) is multiplied or divided by m. 


(4) If a, b, c, ..., are several numbers, and g, is the greatest common 
divisor of a and b, g, that of g, and c, g, that of g, and d, and so on, then 
the following sets of numbers have the same common divisors : 


(a, b, c, d,...), (g,,6,¢,4,...), (gg, C, d, ...), ete. 


Hence we arrive eventually at a number g, whose divisors are the common 
divisors of a, b, c,...; also g is uniquely determined. This number g is 
the greatest common divisor, or the greatest common measure of a, b, ¢,... . 


4. Numbers Prime to each other. Two numbers, a and b, are 
said to be prime to each other when their greatest common divisor is 1, 
so that they have no common divisor except 1. This is often expressed 
by saying that a is prime to b, or that b is prime to a. The following 
theorems are fundamental. 


(1) If the product ab is divisible by a number m, and m is prime to one 
factor a, then m is a divisor of the other factor b. 


For, if a is prime to m, the greatest common divisor of a and m is 1; 
hence the greatest common divisor of ab and mb is b. But, by hypothesis, 
m is a divisor of ab, and is therefore a common divisor of ab and mb; 
hence m is equal to, or is a divisor of, b. 


(2) If a is prime to b, and each of these numbers is a divisor of N, then ab 
ws a dwisor of N. 

Suppose that N =agq, then b is a divisor of ag, and since b is prime to 
one factor a, it must be a divisor of the other factor q. Let g=mb, then 
N = mab, and ab is a divisor of N. 


* The process, here stated algebraically, is that used in Elementary Arithmetic. 


4 PRIME NUMBERS 
(3) If a is prime to b, positive integers x, y can be found such that 
ax —by= +1. 
For it follows from equations (A) of Art. 3, (2), that 
rı=4a -bq T= -aqa t+ b(1 +9492), 


T3 =a (1 +9293) — O (Q1 + 93 + 919293). 
Continuing thus, every remainder can be expressed in the form +(ax — by), 
where x, y are positive integers. 
If a is prime to b, the last remainder is 1, and the theorem follows. 


5. Theorems on Prime Numbers. A number which has no 
divisors except itself and 1 is called a prime number, or simply a prime. 
Numbers which are not prime are said to be composite. 


(1) A prime number, p, is prime to every number which is not a multiple 
of p. 

For, if a is any such number, q and r can be found such that a=pq+r 
where O<r<p. Now p and 1 are the only divisors of p, and as r<p, 
the only common divisor of p and 7 is 1, that is to say, p is prime to r and 
therefore to a. 


(2) If a prime p is a divisor of a product abcd ... hk, it is a divisor of at 
least one of the factors a, b, ... k. 

For if the prime p is not a divisor of a, by Theorem (1) it is prime to a, 
hence it is a divisor of bed... k. If, in addition, p is not a divisor of b, it 
must be a divisor of cd... k. Continuing thus, it can be shown that if p is 
not a divisor of any of the numbers a, b, c, ... h, it must be a divisor of k. 


6. Theorems on Numbers, Prime or Composite. 
(1) Every composite number N has at least one prime divisor. 


For, since N is not a prime, ii has a divisor, n, different from N and 
from 1, which is not greater than any other divisor. Further, this divisor 
must be a prime ; for, otherwise, it would have a divisor less than itself 
and greater than 1, and this latter would be a divisor of N. This contra- 
dicts the hypothesis that n is not greater than any other divisor. 

It follows that every composite number, N, can be expressed as the 
product of prime factors. 

For, since N has at least one prime factor, p, we have N=pa, 
where 1<p<N. If a is not a prime, it has at least one prime 
factor, q; and a=qb, where 1 a. 

Thus, N=pa=pqb; and so on. 
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But the numbers less than N are limited; and N>a>b>... , therefore 
the set N, a, b,... must finally end in a prime. Hence, N can be ex- 
pressed in the form, N =pqr ... u, where p, q, 7, ..., u are all primes, not 
necessarily all different. 

That is to say, any composite number, N, can be expressed as 


Nep a TO yes W, 
where p, q, 7, ... , u are all different primes. 


(2) A composite number can be expressed as the product of prime factors in 
one way only. 

For suppose that N = p%qr°... = PAQP RC... where p,q,7,..., P,Q, R, ..., 
are primes ; then, since the prime P is a divisor of the product p%q°r°... , 
it is a divisor of one of the factors p, q, r, ... , and is therefore equal to one 
of them. In the same way each of the set P, Q, R, ... is equal to one of 
the set p, q, 7, ... , and no prime factor can occur in one of the expressions 
for N which does not occur in the other. Suppose then that 

N ptr spe ger wos 

If a + A, one of them must be the greater. Let A>a, and suppose that 
A=a+e, then g?.ro....t™=pe.g®.r?....t@; but this is impossible, 
as the left-hand side of the equality is a number prime to p, and the 
right-hand side is divisible by p. 

Hence, a must be equal to 4; and similarly, b= B, ..., m=M; and 
thus the two expressions for N are identical. 

The' above theorem is one of the most important in the Theory of 
Numbers, and the following propositions are immediately deducible. 


(3) Lf m is prime to each of the numbers, a, b, ..., k, it 1s prime to the 
product ab... k. 

(4) If a is prime to b, then a” is prime to b”, where n is any integer ; and 
conversely, 7 

(5) A number N is a prime, of it is not divisible by any prime number 
greater than 1 and less than, or equal to, VN. 

For, if N =ab, where b>=a, then N>=a?; that is, a<VN. 

(6) The sequence of primes is endless. 

For, if p is any prime, the number | p+1 is greater than p and is not 
divisible by p or by any smaller prime. If then | p+1 is not a prime, it 


must have a prime divisor greater than p, and in cither case a prime greater 
than p exists. 


6 DIVISORS OF A NUMBER 


All the primes less than a given number N can be obtained in order by 
a process called the (Sieve of Eratosthenes. The process consists in writing 
down in order all the numbers from 1 to N —1, and erasing all multiples 
of the primes 2, 3, 5, 7, ... which are less than VN. Nevertheless, the 
problem of discovering whether a large number is prime or composite is 
one of great difficulty. 


Hxl. If n is any number, prove that n(n+1)(n +2) ts divisible by 6. 

Of the two consecutive numbers, n and n +1, one is divisible by 2; and one of 
the three consecutive numbers, n, n +1, n +2, is divisible by 3. Hence the product 
n(n +1)(n +2) is divisible by 2 and by 3; and, since 2 is prime to 3, n(n +1)(n +2) is 
divisible by 6. 

Ex. 2. Prove that 3?%+1 4 2n+2 is divisible by 7. 

We have 327 +1 —3 .9"=3(74+2)"=7k +3. 2", by the Binomial theorem, 
and Qett=4 , 2" ; 


J, BPH 4 ON +2 = Th +2" (3 +4)=7(k +27). 
7. The Divisors of a Given Number N. Let N=p%.q9?.7r°...., 


where p, q, r, ... , are primes ; and let n be the number, and s the sum, of 
the divisors of N, including 1 and N. 


Then, (1) n=(a+1)(6+1)(c+)) ... 5 
gabe Oe ee! 
p-l g-1 r=] 


For the divisors of N are the terms in the expansion of 
(1+p+p? +... +p (+q ++... +g )(ltrtrt+... 47%) 0.05 
and the expressions for n and s follow immediately. 

(2) The number of ways in which N can be expressed as the product of 
two factors, including N and 1, is 4(n+1) or 4n, according as N 1s, or ts 
not, a perfect square. 

For, if N is a perfect square, each of the numbers, a, b, c, ... , is even, 
and therefore n is odd ; ‘but if N is not a perfect square, at least one of 
these numbers is odd, and therefore n is even. 

Further, if d,(=1), dz, ds, ... , dy», dn-1s dn( =N), are the divisors of N 
in ascending order, the different ways of expressing N as the product of 
two factors are : 


didas dodns ddn- ---, ddp, When n=2r-—1, 
and didas. dadnu dalp 


Hence, the number of ways is either x or yy i.e. either 4(n+1) or 4n, 
according as N is, or is not, a perfect square. 


., dydy when n=2y. 


PRODUCT OF CONSECUTIVE INTEGERS T 


(3) The number of ways in which N can be expressed as the product of two 
ctors, which are prime to one another, 1s 2™-1, where m is the number of 
afferent prime factors of N. 

For, such factors are the terms in the expansion of 

(1+p%)(1+q°)(14+7°) ...; 
and their number is 2”. Hence the number of pairs is 2™-1, 
For example, if N =2? . 33 . 5 =540, n=(24+1)(3+1)(14+1) =24, 
23-1 34-1] 52-1 


ae hese ait, aes = m~l —. 
21i 3I 5 1680, and m=3, 2 4. 


s = 


8. The Symbol I[x/y]. Ifa is a fraction or an irrational number, the 
symbol I (a) will be used to denote the integral part of a. Thus if r=qy+r 
where 0<r<y, then I(x/y)= 


1) If ny, Ne, Nng, ... , are any integers, and s is their sum and a is any 
number, then 
I[s/a]>I1[n,/a] + I[n,/a] + I[nj/a]+.... 
Let ny =@q, +71, Ng=Aq +T, Ng =A; +73, etc. ; then 
S=A(G, + Got 4gt..)+(TL+%et13t.--)- 
Hence, Ifs/a]=(qit+qetdst---) +Ii(ri+růa+r3+...)/a]; 
and, since g,=I[n,/a], g.=1[n,/a], ... , the result follows. 
(2) The highest power of a prime p which is contained in | n is 


I [n/p] + I[n/p?] + I[n/p?] +... . 
For, of the numbers from 1 to n inclusive, there are I[n/p] which are 


divisible by p ; of these I[n/p?] are divisible by Ps and so on; hence the 
result follows. 


9. Theorems. (1) The product of any n consecutive integers is divisible 
by |-n. 

For (m+1)(m+2)...(m+n)/|n=|m+n/|m |n, and to show that the 
last expression is an oe it is sufficient to show that any prime p which 
occurs in | m|m occurs to at least as high a power in | m+n. Thus we 
have to show that 


[[(m+n)/p] + I[(m + n)/p?] + [[(m +n)/p?] +... 
21 [m/p] + Imp] + m/p] + ... 
+ I[{n/p] + L[[n/p*] + inp] +... . 
Now I[(m+n)/p|>I[m/p]+I[n/p], and the same is true if we replace 
p by p°, p®, ... , in succession : hence the result in question. 
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(2) If n is a prime, ©}? is divisible by n. 

For by the preceding n(n -1)(n - 2) ... (n -r +1) is divisible by |r, and 
since n is a prime and r is supposed to be less than n, |r is prime to n. 
Hence, |7 is a divisor of (n — 1) (n - 2) .…. (n-r+1) 


and n(n—-1)... (n-r+1)/|r is divisible by n. 


Thus if n is a prime, all the coefficients in the expansion of (l+ 2)", 
except the first and last, are divisible by n. 

Notre. The reader is supposed to be acquainted with what is said in elementary 
text-books about ‘ permutations and combinations’ and the ‘ binomial theorem for 


a positive integral index.’ In what follows, P% denotes the number of permutations, 
and C? the number of combinations, of n things taken r at a time. 


Ex.1. Find the highest power of 5 contained in | 158. 
We have 1({158/5]=31, [158/57] =J[31/5]=6, = /|158/5*)=//6/5]--1: 
therefore the required power has an index =31+6+1=38. 


Ex. 2. If nis an odd prime, the integral part of (/5 +2)" -20+ is divisible by 20n. 
Let (/5+2)"=N+f where O<f<1; and let (/5-2)"=f’. Then, since 
0< ./5 -2< 1, we have also 0< f’< 1. 
Again, since n is odd, N +f -f’=(/5 +2)" - (v5 ~ 2)" =an integer ; 
hence, since f and f’ are positive and less than 1, ff’, and thus 
N =2(0% . 2. 54-1) 4.0% . 28. 5-3) 4. OR 2-35 +2). 


Moreover, since n is a prime, Ce is divisible by n, and therefore N — 2”*+? is divisible 
by 20n; which is the required result. 


10. Numbers in Arithmetical Progression. 


(1) Let a be prime to n, then if the first n terms of the arithmetical progres- 
sion z, +a, ©+2a, ..., are divided by n, the remainders are the numbers 
0, 1, 2, ..., n— 1, taken in a certain order. 

If we suppose that two of the terms as x+ma, s+m'a leave equal 
remainders, then their difference (m—m’)a would be divisible by n. This 
is impossible, for a is prime to n and | m- m' |<n. | 

Therefore the remainders are all different, and as each is less than h, 
they must be the numbers 0, 1, 2, ..., n— 1, taken in some order or other. 

If the progression is continued beyond the n-th term, the remainders recur in 
the same order. 

For the terms z + ma, x+m’a leave the same remainder if m=m’ + qn. 


(2) If a and n are not prime to one another and g is their greatest commipn 
divisor, the remainders recur in a cycle of n/g numbers. 


For let a=ga’, n=gn', so that a’ is prime to n'. The terms x+mf, 
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z+ m'a leave the same remainder if, and only if, a(m — m’) is divisible by 
that is, if a’(m—m’) is divisible by n’. Since a’ is prime to n’, this can 
o ny happen when m -m is divisible by n’. Thus the first n’ terms leave 
different remainders and, after that, they recur in order. 


11. Method of Induction. Many theorems relating to whole 
numbers can be proved by a process known as mathematical induction. 
In some cases this is the only method available. The method may be 
described as follows. a 

Let f(n) be a function of an integral variable n. Suppose that a certain 
statement S, relating to f(n), is true when n =a. 

Further, suppose we can prove that, if S is true when n=™, it is also 
true when n=m-+1. 

Then since S is true when n =a, it is true when n=a+1, a+2, a+43, ... 
in succession, that is, when n>a. 


Ex. 1. Show that 2?” -3n —1 is divisible by 9. 


Let f(a) =22" -3n - 1, then f(1)=0 and 0 is divisible by 9, so the theorem is true 
for n=1. 


Again, f(n +1) —f(n) =22"+) — 227 -3 =3(27" - 1). 
Also 2?” -1 =(3 +1)” -1 =3k, where k is an integer, 
J. f(n+1)-f(n)= 
Hence if f(n) is divisible by 9, so is f(n +1); and, since f(1) is so divisible, it follows 


in succession that f(2), f(3), f(4), etc., are so divisible ; that is, the G i holds for 
all values of n. 


Or more easily, using the method of (9) Ex. 2, f(n)=(3+1)" - 3n —1, ete. 
Hx.2. If nis a positive integer, prove that 


E a eee eee S A. 1, 
n n+l n42 | m-l 2 t3 4 a See | 
1 l l 
If PEE es aaan 
Un noon ay sa ee | 
1l ] pd ] 
th = 
ii MaiS agl e ton it 2n onal’ 
* u —U E a i nt Pee A 
> RHA nTn ml n Zn Qn4+1- 
Again, if "n=l1-3+5- gin T 
1 1 1 l 1 
then = | — — 4 — ee 5 
Unt 2+3 tni n antl 
l 1 1 
© Una =V; = “n nal =Un+1 ~Un. 


Hence if u „=V, then n41 =Vn+1 Now the statement holds for n=1; hence, in 
succession, it is true for n=2, 3, 4, ... , that is, for any value of n. 
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EXERCISE I 


1. If q is the quotient and r the remainder when a is divided by b, show thg id 
q is the quotient when a is divided by b+ 1, provided that r>=q. 


2. Ifa and b are prime to each other, show that 
(i) a+6 and a -b have no common factor other than 2 ; 
(ii) a? -ab +b? and a +b have no common factor other than 3. 


3. Ifa and b are prime to each other, and n is a prime, prove that 
(a"+6")/(a+6) and a+b 
have no common factor, unless a +b is a multiple of n: 
4, If a is prime to b and y, and b is prime to x, then az + by is prime to ab. 


5. If X=axr+by and Y =a’x+b’y, where ab’ —a’b=1, the greatest common 
divisor of X and Y is the same as that of x and y. 


6. If p is a prime, and p=a? — 6’, then a=4(p+1), b=} (p-1). 
7. Express 55 in the form a? — 6? in two ways. 
8. If x takes the values 1, 2, 3, ... , in the expressions 
(i) x?+£+17, (ii) 227429, (iil) a?#+2+441, 
the resulting values of the expressions are primes, provided that in (i) x<16, in 
(ii) < 29, and in (iii) x< 40. 
Verify for x=15, 28, 39 respectively. 


9. If f(z) is a polynomial, it cannot represent primes only. 
[Let u=f(x) and v=f(x+ ku), where k is any integer. Prove that u is a 
factor of v.] 


10. For the values 2, 3, 4, ... 10 of x, the number 2.3.5.7-+2 is composite. 
Hence write down nine consecutive numbers none of which is a prime.’ 


11. If n is any odd number, then n(n? — 1) is divisible by 24; and if n is an 
odd prime greater than 3, then n? —1 is divisible by 24. 


12. Show that 2” +1 or 2” -1 is divisible by 3, according as n is odd or even. 


13. If n is prime to 5, then n?+1 or n?~1 is divisible by 5, and therefore n‘ is 
of the form 5m +1. 


14. If n is prime to 5, then në -n is divisible by 30; hence the fifth power of 
any number has the same right-hand digit as the number itself. 


15. Show that 239 +1 or 27" — 1 is divisible by 5, according as n is odd or even. 


16. Show that 5°” +1 or 5?” -1 is divisible by 13, according as n is odd or 
even. 


17. If 3” —1 is divided by 13, show that the remainder is either 0, 2, or 8, 
according as n is of the form 3m, 3m+1, or 3m-—1; hence prove that 3” —1 or 
327 + 3% + 1 is divisible by 13, according as n is, or is not, a multiple of 3. 


18. If 2” +1 is a prime, then n must be a power of 2. 

19. Show that 7?” -48n — 1 is divisible by 2304. 

20. Show that 7?” + 16n — 1 is divisible by 64. 

21. Prove that 27"+1 — 9n? 4- 3n —2 is divisible by 54. 

22. Find the number of divisors of 2000, and their sum. W, 


DIVISORS 11 


23. Let s be the sum of the divisors of N, excluding N itself; if s=N, then 
. is called a perfect number. 
, Show that, if 2” -1 is a prime, then 2”-1(2"-1) is a perfect number; and 
dnd the three least numbers given by this formula. 


i 24, If n, r, 3 are the numbers, and P, R, S the products, of the divisors of 
"V, L, M respectively, where N=LM, and L and M are prime to one another, 
: rove that (i)n=r.s, (ii) P=RS. 8". 


9 25. If n is the number, and P the product, of the divisors of N, prove that 
22 Nn, 

26. If the product of the divisors of N, excluding J itself, is equal to N, then 
N is the product of two primes or the cube of a prime. 


27. If N has 16 divisors, it cannot have more than 4 prime factors, a, b, c, d, 
and it must be of one of the forms abcd, a3b3, a3bc, a7b, a5, Hence find the smallest 
number having 16 divisors. 


28. Find the smallest number with 24 divisors. 
29. Prove by induction that n(n +1)(n +2)... (n+r- 1) is divisible by | r. 
30. Find the highest power of the prime p in | N, when 

(i) p’7>-lL<N<p"+p; (ii) p"-p<N<p". 


31. If N is expressed as a polynomial in a prime p, with each of the coefficients 
less than p, and s is the sum of these coefficients, prove that the power of p con- 
tained in | NV is (N —8)/(p ~ 1) 


32. Show that the index of the highest power of 2 contained in | N is N -1 
when N is a power of 2, and N -r when N is equal to 27-1. E 


33. Show that | 2n —1/(| | n- 1) is odd or even according as n is, or is not, a 
power of 2. = 


34. Prove that | 2n is divisible by |n. | +1. 


35. Prove that, ifg is the greatest common divisor of m and n + 1, then g . | m+n 
is divisible by | m.|n+1. 


36. Prove that the power of 2 in | 3n is greater than or equal to the power # 
Zin|n.|n+1.|n+2. 
37. Prove that, if n is greater than 2, then | 3n is divisible by | .|n+1.| +2. 


38. Ifa, b,c, ... , are numbers whose sum is a prime, p, then 


pilab- le) 
is an integer divisible by p. 
39. If u, =(3+V5)" + (3 -~5)”, show that up is an integer, and that 
Uns1 = bUn — 4ni. 
Hence prove that the integer next greater than (3 + v5)” is divisible by 2”. 
40. The integer next greater than (V7 +3)?” is divisible by 22". 


41. If 2"°+1l=a2y, prove that x-1 and y~1 are divisible by the same power 
if 2. 
B B.C.A. 


CHAPTER II 
RATIONALS AND IRRATIONALS 


1. Rational Numbers. Starting with the natural numbers, the 

number system is enlarged by 
(1) the introduction of fractions, in order that division may be always 
possible ; 

(ii) the introduction of negative numbers and zero, so that subtraction 
may be always possible. 

We thus obtain the system of rational numbers or rationals, consisting of 
positive and negative integers and fractions, with the number zero. 

This system can be arranged in a definite order so as to form the rational 
scale. 

With reference to any two rationals x and y, the terms ‘ greater than,’ 
‘equal to’ and ‘less than’ are defined as referring to their relative 
positions on the rational scale. 

To say that z>y or y<z is to say that æ follows y on the scale. To say 
that x=y is to say that x and y stand for the same number. 


2. The Fundamental Laws of Order are as follows: (1) If a=b 
then b=a. (2) If a=b and b=c, then a=c. (3) If ab and b>c, or if 
a>band bc, thena>c. (4) Ifa>b then -a< —b. 

Hence we deduce the following rules for equalities and inequalities, 
where it 1s assumed that zero 1s not used as a divisor : 

(5) If a=b then 

at+z=b+2, a-r=b-2, ar=ba, a/x=b/2. 
(6) If a=b and r=y, then 
at+z=b+y, a-x=b-y, ax=by, a/x=b/y. 
(7) If a>b then 
a+x>b+x and a-2z>b—-2. 
Also az =: bz and a/x= bjx according as x is positive or negative. 


(8) If a>b and z>y, then a+2>)+y, and if a and y or b and z ar 
both positive, then az>by. 
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3. Fundamental Laws of Arithmetic. Any two rationals can 
e combined by the operations of addition, subtraction, multiplication and 
avision, the result in each case being a definite rational number, excepting 
1at zero cannot be used as a divisor. This is what is meant when it is 
ud that the system of rationals is closed for these operations. 

The fundamental laws of addition and multiplication are 


K (3) ab=ba, (4) (a+b)c=ac + be, 
and (5) (ab)c=a(be). 


The first and third constitute the Commutative Law, the second and 
fifth the Associative Law, the fourth the Distributive Law. 


4. Theorem of Eudoxus.* IJfaand bare any two positive rationals, 
an integer n exists such that nb>a. This simply amounts to saying that an 
integer exists which is greater than a/b. 


5. Representation of Numbers by Points ona Line. Take a 
straight line X'OX as axis; in OX take a point 1 so that the segment O1 
contains the unit of length. To find the point a which is to represent any 
positive rational a, let a=m/n. Divide the segment Ol into n equal parts 
and set off a length Oa, along OX, equal to m of these parts. The point 
which represents —a@ isin OX’, at the same distance from O as the point a. 

ee Oe eg fee nt oe, ee 
X’ sa O l a X 
Frc. 1. 


Points constructed thus represent the rational numbers in the following 
respects: (i) For every number there is one point and one only. 
(ii) The points occur in the order in which the corresponding 
numbers stand on the rational scale. 


The point X is generally taken to the right of O so that, if a>b, the 
point a is to the right of the point b. 


6. Absolute Values. The absolute or numerical value of a is +a or 
- a, according as a is positive or negative, and is denoted by |a|. Thus 
|a-b|=|b-a|. Itis obvious that 
md Ghee lol Oi. Lene a [ene i2 la) a) i: 
_ J @ìs positive, to say that | z |<a is the same as saying that -a<a<a. 
ae | x |>a, then r>a or z< ~a. 


‘* Sometimes ascribed to Archimedes. 
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7. Large and Small Numbers. Whether a number is regarded : 
large or small depends on the purpose to which numbers are applied. A 
error of 6 inches would be large in measuring a table, but small in settir. 
out a mile course. B 

If for purposes of comparison we choose some positive number e which 
we regard as small, then any number z is said to be small if | x |<e. 

Any number z is said to be large if | z| >N where N is some previously 
chosen positive number, which is regarded as large. 

We say that v is large or small compared with y when 2/y is large or 
small. If æ/y is neither large nor small, x and y are said to be large or small 
numbers of the same order. | 

We use the abbreviation ‘ y is O(x)’ to indicate that y is of the same 
order as z. 

If e is small, numbers which are of the same order as e, e, eê, ... are 
called small numbers of the first, second, third, ... orders respectively. 

If N is large, numbers of the same order as N, N?, N3, ... are called 
large numbers of the first, second, third, ... orders respectively. 

If z -y is small, we say that x and y are nearly equal. 


8. Meaning of ‘ Tends.’ To say that x tends to zero is to say 
that x varies in such a way that its numerical value becomes and remains 
less than any positive number that we may choose, no matter how 
small. This is expressed by writing x—> 0. 

If 2 —a tends to zero, where a is constant, we say that x tends to a, and 
we write 7—> <a. 

If x tends to a and is always greater than a, we say that x tends to a 
from above, or from the right. This is expressed by writing x —> a +0. 

If x tends to a and is always less than a, we say that x tends to a 
from below, or from the left, and we write x >a -0. 

To say that x tends to infinity (x —> œ ) is to say that x becomes and 
remains greater than any positive number that we may choose, however 
great that number may be. 

In this case we also say that — x tends to ~œ. Thus, as x tends to zero 
from above, 1/z tends to ©, and —1/x tends to - œ. 


9. Aggregate. Any collection of numbers is called an aggregate or 
set; the numbers themselves are the elements of the set. 
If the number of elements exceeds any positive integer 4 
hehe) A 
choose, however great, we say that their number is infinite, & Sip 
have what is called an infinite set. a 
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10. System Everywhere Dense. An important property of the 
system of rationals is that between any two rationals a and b there are 
infinitely many rationals. 

For if a<b and k is any positive rational, it is easily seen that 


ax<(a+kb)/(1+k)<b. 


This fact is sometimes expressed by saying that the system of rationals is 
everywhere dense. 


11. Sequence. A succession of numbers uj, Us, Us, ... Un, -.. » formed 
according.to some definite rule, is called a sequence, which is generally 
denoted by (u,). Such a rule defines u, as a function of the positive 
integral variable n. 

The rule may be quite arbitrary, and it is unnecessary that we should 
be able to express u, in terms of n by an algebraical formula. For instance, 
U, may denote the nth prime number, or the integral part of Jn. 

A sequence in which each term is followed by another term is called an 
infinite sequence. 


12. Approximate Values. Suppose that the object of an experi- 
ment is to determine a certain number represented by A. No matter 
what care may be taken to ensure accuracy, it is unlikely that the exact 
value of A can be found. All that can be done in most cases is to find two 
numbers a and a’ between which A must lie. 

If we find that ac A<a’, we call a a Lower Limit and a’ an Upper Limit 
to the value of A ; a and a’ are also called approximate values of A. 


Definition. If a is an approximate value of A, A-a is called the 
(Absolute) Error, and (A-—a)/A the Relative Error, in taking a to 
represent A. 

If ax A<a’, we say that a and a’ are approximate values of A, the first 
in defect and the second in excess with errors numerically less than a' —a. 


Observe that the error A -a cannot exceed a’—a; therefore a’ —a is an 
upper limit to the error in taking a to represent A. 
Again, if a is positive, we have 1/A<1/a and A-a<a’—a; hence 


(4 -a)/A<(a' -a)/a; 


and (a’ —a)/a is an upper limit to the relative error. 

We estimate the comparative accuracy of different experiments by com- 
paring the relative errors: the smaller the relative error, the greater is the 
degree of accuracy. 
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In writing down decimal approximations of a number, we adopt the followinjg 
scheme : 

(i) If we write 7=3-1416 (approz.), we shall mean that r is some number lyinfg 
between 3-14155 and 3-14165, and we say that 3:1416 is the value of a correct to {5 
significant figures, or to 4 places of decimals. 

Since 3:14155< m< 3-14165, the error in representing q by 3-1416 is numericallly 


l 1l 
less than 0:00005, or = 3° lot 


(ii) If we write m =3-14159 ... , we shall mean that the figures 3, 1, 4, ... 9 are those 
which actually occur in the decimal representation of 7, and that 7 is some number 
lying between 3-14159 and 3:14160. The error in representing m by 3:14159 is positive 
and is less than 1/105. 


13. Fundamental Theorems. In theoretical and practical work, 
the following theorems are of fundamental importance. 
If a, a’, b, b' are given numbers and A, B are any numbers such that 


axA<a’ and b<B<b', 


then G) a+b<A+B<a'+0'; (ii) a—b'<A-B<a'-b; 
and if all the letters denote positive numbers, 
(ii) ab< AB<a'd’; (iv) a/b'< A/B<a'/b. 


The truth of (i) and (iii) follows from Art. 2, (8). 

Proof of (ii). Since a<A and B<b', -, a+ B< A+’. 

Subtracting B +b’ from each member of the last inequality, 
(a+ B)-(B+b')<(4+0')-(B+0’); 2. a-V<A-B. 

Similarly it can be shown that A - B<a' —b. 

Proof of (iv). Since a<A and B<b’, and a, A, B, b' are positive, 


therefore GBA A (A) 
Dividing each side of (A) by Bb’, which is positive, 
aB _ Ab’ a A 


Bo’ <a Bb’ ) oe bh’ < B i 
Similarly it can be shown that A/B<a’/b. 


Ez. 1. Show that the error in representi a o b 73 less than 0-05. 
w th ee in repres "9 3456780 Y3 
12 1234567 13 12 13 
We have a5 < 3456780 ~ 3 34° Also zp 0°34 .. and z4 70°38 we + Hence, 
13 12 
34 ~ 35 ~~ 0°39 - — 0:34 =0-05 ; 


therefore the error is less than 0-05. 
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Ex.2. IfO< x< 1, then 1 -2x is an approximate value of 1/(1 +2)? with an error in 
defect less than 5x2. 

1 32" +223 

age E 

* 1-22 < 1/(1 +r} < 1-24 +5z2?. 


By division we find that < 1-224+52?; 


14. Non-perfect ‘Powers. If A is an integer which is not u perfect 
n-th power, then no rational x exists such that x" = A. 

For, by hypothesis, x cannot be an integer. If possible, let x= p/q, where 
p/q is a fraction in lowest terms. Then (p/q)" is a fraction in lowest terms, 
and so it cannot be equal to the integer A. 


15. Need for New Numbers. There are many purposes for which 
rational numbers are inadequate ; for example: (i) there is no rational 
whose square equals 7. (ii) if the diameter of a circle is 1 inch and we 
denote the length of the circumference by æ inches, it can be shown that 
x is not a rational number. 

We extend our number-system by inventing a new class of numbers 
called L[rrationals. 

An irrational is defined by some rule which gives it ordinal rank with 
the rational numbers. Such a rule is the following. 

Meaning of */A. We consider a positive number A which is not a 
perfect nth power, so that no rational exists whose nth power is A. 

The symbol 2/A (the nth root of A) is used to denote the irrational 
whose place among the numbers on the rational scale is determined by 
the following rule: %/A is to follow every positive rational whose n-th power 
is less than A, and to precede every rational whose n-th power is greater than 
A. Thus if a, a’ are positive rationals such that 


ar<A<a’, 


then a, a’ are approximate values of %/.4 with errors, respectively in defect 
and excess, less than a’ —a. 


16. Representation of a Number by an Endless Decimal. 
Take the following instance. No rational exists whose square is 7. Hence 
T lies between two consecutive terms of the sequence 1?, 2, 32, 42, .... 
Now 2?<7<3?, therefore 7 lies between two consecutive terms of (2-0)?, 
(2-1)?, (2:2)?, ... (8:0). We find that (2°6)?<7<(2-7)?, therefore 7 lies 
between consecutive terms of (2-60)?, (2-61)?, ... (2-70)?, and we find that 
(2-64)2< 7< (2-65)?. 

However far this process is carried on, it can be continued further; for 
otherwise it would be possible to find a rational whose square is 7, 
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The process therefore gives rise to an endless decimal 2:6457 ... which is 
such that 7 lies between the two classes of numbers 


22, (2-6), (2-64)?, (2-645)? ... and  ... (2-646), (2°65), (2-7)?, 32, 
and ,/7 lies between the two classes of numbers 
2, 2:6, 2:64, 2-645... and ... 2-646, 2:65, 27, 3. 


This is what is meant when we write ,/7 = 2:6457 ... . 

Observe that ,/7 is related to the decimal 2-6457 ... in the same way that 
2/3 is related to 0-6666 ... . 

For if we say that 2/3 is equal to the endless decimal 0-6666 ... , this is 
only an abbreviation for saying that 2/3 lies between the two classes of 
numbers 

0-6, 0-66, 0-666,... and ... 0-667, 0-67, 0-7. 


It should further be noticed that the decimal equivalent of ./7 cannot 
recur, for if it did, /7 would be a rational number. 

By a process similar to that just described we can find the decimal 
representation of any root of a given number; but, of course, in practice 
other methods would be used. 


17. Real Numbers. The rational and irrational numbers together 
form the system of Real Numbers. In Ch. XIII the rules for equalities 
and inequalities and the definitions of addition, subtraction, multiplica- 
tion and division, already given for rationals, are extended so as to apply 
to all real numbers. 

Theoretically it 1s essential to make this extension, but it is unnecessary 
for purposes of practical reckoning, where we replace any irrational which 
may occur by a sufficiently close rational approximation. 


Ex. 1. Given that 3/2 =1-259921 ... , prove that 
3 
2 -d < 6/10", 

where d,, 18 the decimal continued to n places. 

Let d'p =d, +1/10”, then d3 < 2< d’? ; 
therefore 2 -d3 < d'3? -d? = (d'p - dp) (d? +d,d’, td). 

Now dp < d'ap <13; 

“ d? +d dtd’? < (1:3).3< 6; 
“ 2-d3 < 6/10". 
It follows that 2 ~d3—» Oasn>c. 
Hence we are justified in writing (3/2)? =2. 
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Ex. 2. Given that ./5=2-236..., 3/6=1-817..., find a decimal approximation to 
V5 / 3/6. Find also an upper limit to the error. l 
We have 2-236 | 1:818< V5 | 3/6< 2:237 / 1-817. 
Now 2:236 / 1-818 =1-229 ... and 2-237 / 1:817 =1-231 ... ; 
*, 1:229< /5 / 6< 1-232. 
*, 1-229 is an approximate value of ./5 /./6 with an error in defect less than 0-003. 
Ex. 3. If a is positive and less than 1, show that 1 -a/2 is an approximate value of 
n (l-a) with an error in excess less than a?/2. 
Applying the square root process to 1 —a, we have 


N= l-a ( 1 -ła - 4a? 


—4a? =N - (1 - 44a)? 
- a?+4$a3+ 4a‘ 


3 1 laa 1 
4a? —3a? -40t =N = (1 — 5a ~4a2)?, 


Now ła? -ła ~ ja‘ =40°(3 — 2a - a?) =4a? (3 +a) (l-a); and since 0<a<]l, 


*, a(3+a)(L-a)>0 
and 


(1 -ža -}4a?)2<1 ~a<(1 - $a)?. 


18. The Function a”. (1) If a>1 and n is a positive integer, then 
a®*>1+n(a-—1). 

For, if a=1+6, by the Binomial theorem, a®=(1+6)*>1+nb. 

(2) If a>0, then a®=1 and azl according as a= l. 

For if a>1, then a">1. If a<l, let a=1/b; then b>l and 
a” =1/6"<1. 

Again, if a>1, then a> ; for otherwise we should have a= (añ) <1]. 
Similarly, if a<1, then i<]. 

(3) If a>0 and x is a positive rational, then a*=:1 according as a=. 

For if z=p/q, a” = Ya” = 1, according as a z1. 

(4) If a>0 and x>œy, then a® =a” according as a=1. 

For a/a” =a*-¥>1 according as a21. 

(5) If a>1 and N is any positive number, however great, a positive integer 
m can be found such that 

a">N for næm. 


For we can choose m so that m(a—1)>N —1, and then by (1), 
a*>a">1+m(a- 1)>N. 
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(6) If a is positive and not equal to 1, then a®->+ © or 0 as t-> œ 
according as a=1. 
First let a>1. Then in (5), if 2>m, a*>a™>WN, and so a? >, 
If a<l, let-a=1/b. Then b>1, and as z—> ©, b®* > © and a*=1/b* — Q. 
(7) If a>0, a positive integer m can be found such that 


| at 1 |<e for næm, 


where «e is any positive number, however small. 
If a>1, as in (5), m can be chosen so that (1+e)™>a. Hence if n>m, 


(l+e)">a and an — l<e. 
If a<l1, assuming that 0<e<1, m can be chosen so that ( —) > 


that is, (1 —e)"<a. Hence, if n>m, (1 —e)”"<(l —e)”<a, and therefore 


l 
l-ar<e. 


? 


If a=1, then an — 1=0 for all values of n. 

(8) If a is positive and z —> 0, then a® —> 1. 

First, let x --> 0 through positive values. If @>>1, choose m as in the first 
part of (7); then if 2<1/m, a” - l<ai —I<e. 

1 

If a<1, choose m as in the second part of (7); then if z<1/m, a*¥>a™ 
and 1—a®<1—an<e. 

Thus in both cases, a —1—>0 and a®—>1. If x->0 through negative 
values, let a=1/bandz=—y. Then a? =1/b!—1. 


EXERCISE II 
APPROXIMATE VALUES 


1. If a<A<a’, where a, a’ are known numbers, and any number c lying 
between a and a’ is chosen as an approximate value òf A, the numerical value 
of the error in representing 4 by c cannot exceed the greater of the numbers 
(c =a), (a’ —C). 

Hence show that, if }(@+a’) is chosen as an approximate value of A, the 
greatest numerical value of the error is less than it would be for any other 
approximation. 


2. If f(x) =2+ 3x — 4a? — 523 + 824 and x is small, find an upper limit to the 
numerical value of the error in representing f(z) by 2+3z. 
[If e is the error, |e] =| - 4r? -5r + 8r! | < | 4x?|+] 5a? ]+]| 824] < 172%, 
when |x| <1.] 


3. The length of a man’s step is approximately 30 in., this value being correct 
to the nearest inch. If the number of steps which he takes per mile is calculated 
on the assumption that he steps exactly 30 in., show that the error in the result 
may be as much as 35, but cannot exceed 36. | 

| 
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4. If 0:2<2x<0-3 and 0:6<y<0-7, show that 
i een 1 ea x+y? 
(1) 0 3<y -%<05; (11) og ; (ii) 0 AST 91. 

5. If x, y, z are all positive and x<y<z, show that 

L? ety +2? 2? 
Z Lryt+z2 £ 

6. If the numerical value of the error in taking a to represent A cannot 
exceed «, and the numerical value of the error in taking a’ to represent a cannot 
exceed «’, then æ+ a«a’ is an upper limit of the error in taking a’ for A. [i.e. given 
that a-a<A<a+e and g’ -a <a <a’ +a’, it is required to show that 

a’ —(a+a')<A<a’+(a+a’).] 

7. If a, b are observed values of two numbers A and B, subject to errors 
(positive or negative), whose numerical values cannot exceed « and B respectively, 
show that an upper limit to the numerical value of the error in taking 

(i) a +b to represent 4+ Bisa+B; 
(ii) a—6 to represent A-Bisa+ B; 
(iii) ab to represent AB is «b+ (a +a); 
] 
(iv) a/6 to represent A/B is p (a + B ) , where b is any positive 
number less than b — £. 

8. If « is small, show that 1/(1+g«)? is nearly equal to 1—3a. Also show 

that, if O<a<0-01, then the error < 0:0007. 


2+3% 


3+42 j 


9. If 0<2<1, show that the error in taking Stat as the value of 


numerically less than a. 


2 ree is less than 0:0007. 
3 +42 


[Divide 3x+2 by 4x +3 in descending powers of 2.] 


10. If x>100, the error in taking : as the value of 


11. If x is small, show that (i) ee is nearly equal to 1+(a—-—b)x -b(a -b)x?; 


(ii) ifa=5, b=2 and x<0-l, the error in this approximation is less than 0-01. 
12. By the division transformation, show that 


epee swe ee ee 
(1+bx)(1+cex) — á (1+bx)(1+cex) °°’ 
where R=(b+c—a)(b+c-+bex) — be. 


13. By means of Ex. 12, show that if x is small, pe 
to 1+(a—b—c)z. (1 +bx)(1 +x) 

Show also that if a =2, b=3, c=4 and x<0-01, the error in this approximation 
is less than 0-003. 


14. The focal length (f) of a lens is given by the formula 1/f=1/v —1/u.* The 
values of u and v may be in error by as much as 2 per cent. of the corresponding 
true values. If the true values of u and v are 20 and 13, show that the value of f 
as calculated from the observed values may be in error as much as 9-9 per cent. 


ofits true value. 
\ 


is nearly equal 
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15. The weight (w grammes) of water displaced by a solid is given by the 
formula w =w, —w,, where w,, w, are the weights (in grammes) of the solid (i) in 
vacuo, (ii) in water. In determining the values of w,, w, the error in each case 
may be as much as l per cent. of the true value. If the true values of w,, w, are 
13 and 10, show that the value of w calculated from the observed values of w,, w 
may be in error by as much as 7 per cent. of its true value. 

[The greatest and least possible values of w, are 13:13 and 12-87, those of w, 
are 10-1 and 9-9, hence those of w, —w, are 3-23 and 2:77.] 


16. Given that the endless decimal corresponding to 2/123 is 2-618060..., 
prove that 123 — (2-618060) <0-0003. 
[Proceed as in Ex. 1 of Art. 17, using the identity 


a5 -a =(a' —a)(a’*+a%a+a"%a?+a’a8 +a4).] 


17. If x and y are positive and x>y, then x — y?/(2x) is an approximate value 
of y(x? — y?) with an error in excess less than y*/(2z*). 
[In Ex. 3 of Art. 17, put a =y?/x?.] 


b)2 
18. Ifa and b are nearly equal, show that 5 (a +b) — on T a is an approximate 
value of Vab with an error in excess less than - z 4(a he [Use Ex. 17.] 


19. Given that ./14=3-741..., 3/3=1]-442..., for each of the following 
obtain a decimal approximation with an error in defect, finding also an upper 
limit to the error: 


(i) J14x 8/33 (ii) Y14/3/3; (iii) /Y14+ 3/3. 
3 
20. If O<a* —-A<e, then a- VA < Ai 
[Put y= 2/A in the identity a? - y? = (a — y) (a? + ay + y°).] 


21. If x is small, prove that ( i) V1 +2 is nearly equal to 1+2/3; (ii) if x is 


positive, the error in taking 1 to represent V1+<2 is negative, and is numeri- 
cally less than x?/8. 


3 10 2 
[Prove that if <1, then (1 +7) - (1 +a) < a , and use the last example.] 


22. Approximate values of A, B are a=3083, b=8377, each correct to the 
nearest digit. Using Ex. 7, show that an upper limit to the error in taking 


a/b for A/B is 1/104. i 1 ar 1 
[The error < gog (0° +O x 0-5)< jo | 

23. In the last example, suppose a/b expressed as a decimal to n places, to the 
nearest digit. Show that the numerical value of the error in taking this as the 
value of A/B is less than l l 1 

1072 10" 

Hence show that it is useless to carry on the division to more than four places 

of decimals. 


24. If A=3-141592,.., B=1:414213 ..., by using Ex. 7 find how many 
figures must be kept in 4, B to find an approximate value of AB with an error 
numerically less than 1/10». 

[Choose a, b so that «b+ f(a +«)<1/103. Now 6<2 and a a Hi may 


take a, B such that 2x+4ß<1/10?. This is satisfied if a< 103” g<: 108 
We may therefore take a=3-1416, b=1-4142.] 


CHAPTER III 
POLYNOMIALS (1) 
1. Definitions. An expression of the form 
AL” + AL?! + aTr? +... +09; 


where ay @,, ... @, are independent of x, is called a polynomial in x of the 
n-th degree. 


A polynomial in x and y is the sum of a number of terms of the form 
ax™y", where a is independent of z, y, and m, n are positive integers. 

A polynomial in any number of variables is similarly defined, and is 
sometimes called a rational integral function of the variables : its degree is 
that of its highest term. 

If the sum of the indices of the variables in each term of a polynomial 
is a constant number, the polynomial is said to be homogeneous. For 
instance, 

AL” +A 2"—Ly + Any? +... + any”, 
is a homogeneous polynomial in z, y of degree n. 

A. constant may be regarded as a polynomial of degree zero. 

Polynomials of the first, second, third, fourth, ... degrees are known as 
linear, quadratic, cubic, quartic, ... functions respectively. 

In some parts of Algebra, a homogeneous polynomial is called a quantic. 

A homogeneous polynomial in x, y of degree n is often written in the 
form 


n(n-1) 


z arty? +... + any", 


dox” + nas” -ly + 


where binomial coefficients are introduced for convenience. This is shortly 
denoted by 
(aos By, Ags +14 On T, Y)". 
Using this notation, cubic and quartic functions of 2 may be denoted by 
(a, b, c, d¥x, 1)? =az* + 3b? + 3cx +d, 

: (a, b, c, d, efx, 1) =azt + 4b25 + bcx? + 4da +e. 

} -If A, B, C are polynomials and A= BO, then B and C are called fitri 
of dwisors of A, and A is said to be (exactly) divisible by B or by C. 


24 SYNTHETIC DIVISION 


2. Division. Let A and B be polynomials in z, A being of higher 
degree than B, or of the same degree. 
To ‘ divide A by B’ is to find an identity of the form 


A=BQ+R, 


where Q and R are polynomials (or in special cases constants) and F is of 
lower degree than B. Such division is always possible: the result is 
unique and is called the division transformation, Q being the quotient and 
R the remainder. 


3. Synthetic Division. In dividing az?+ba?+cr+d by x-—h, the 
reckoning may be arranged as on the left : 


a+b+c +d e—-h)ar+ bz?+ cut d(axt+px+q 
ax? — ahx? 
ah +ph+qh i ll 
Paes a ’ px? + cx 
a +p +q +r ane 
E T rial - 
and then, the quotient =az* + px +4, ~ y 


and the remainder =r. 


This process is known as synthetic division. It is justified by a com- 
parison with the reckoning on the right. 
It is evident that the method can be used to divide any polynomia’ in 


x by z—h. If any powers of x are missing, these must be supplied with 
zero coefficients. 


Ex. 1. Divide 3x4 - r? + 247 - 2x -1 by x +2. 
We divide by x —( — 2) as follows : 


PAfe2 8: -ek po woe: +e 4 
| -6 $14 -32 +68 
3 -7 +16 -34 +67 


<. Quotient =323 — 7x? + 16x -34 ; remainder = 67. 


To dwide a polynomial A by ax —b, we may use the following rule : 
Find the quotient Q and the remainder R in the division of A by x—b/a, 
then Q/a and R are respectively the quotient and remainder in the division of 


A by ax —b. 


D () 
For =o T — E ao — 
A (x a Q+R-=:(ar—b) ae R. 
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Ex. 2. Divide z? + 2x? - 32-4 by 22-1. 


1 1-4/1 42 -3 -4 

he by x-5, as on the right, it is +4 +5 3 

seen tha it m 
l + = es 

the quotient =x? + Bx 5 i 2 f 32 


and the remainder = — 32, 


*, the required quotient =4 (x2 + Šv -4) ; remainder = — 32. 

If the divisor is of the second or higher degree, the process is as follows : 

to divide 424+323+2-1 by x?-2x2+3, write the divisor in the form 
x? — (2x — 3) and proceed thus, 


12023) A 28-40 41.21 
-12-33-30 (a) 
8 +22420 (b) 
44+11+10-12-31 (o) 


The quotient is 4%7+11lz+10 and the remainder —12z-—31. The first 
term in line (c) is 4; 4(2—3)=8-12; put 8 in line (b) and -12 
in (a); 8+38=11; 11(2-—3)=22—33; put 22 in (b) and —33 in (a); 
and so on. 


The reckoning will be understood if it is compared with ordinary division. 


Ex. 3. Express f(x)=4a4 +323 +2—-1 in the form 
a(x? — 24 +3)? + (ba +c)(a? -24+3)+dr+e, 
where a, b, ... e are independent of x. 


Divide f(x) by 2?-22+3 as above. The remainder is —12x2-31 and the 
quotient 4277 +112+10. 


1-(2-3)| 4+11410 


Divide 4z? +1lz+10 by r? -2x+3. The remainder -12 
is 19x — 2 and the quotient 4. Hence 8 
f(a) =4 (x? — 2a +3)? + (19x — 2) (22 -22 +3) - 122-31. sino 


4. Applications of Synthetic Division. The following trans- 
formations are often required. 


Let f(x) be a polynomial in z. 
(1) To express f(x) as a polynomial in x—h. Suppose that 
J (x) =a9 (x —h)" +a (£ -h +... +a,_1 (2 —h) + ay. 


Then a, is the remainder when f(z) is divided by x—h. If Q is the quotient, 
an-ı 18 the remainder when Q is divided by x—h. If Q’ is the quotient, 
@n— 18 the remainder when Q’ is divided by x—h. Continuing thus, we 
can find all the coefficients. 

The reckoning is arranged as in Ex. 1, overleaf. 


26 REMAINDER THEOREM 


Ex. 1. Express 2x? +x? -— 5x -3 as a polynomial in x - 2. 
1-2|2 +1 -5 -3 


+ 4 +10 +10 
1-2;2 +5 +5 +7 
+ 4 +18 
1-2/2 +9 +23 
+ 4 
2 +13 


* Qe 422 — 5x -3=2 (x - 2) +13 (x — 2)? +23 (x —2) +7. 
(2) To expand f(x+h) in powers of x, we express f(x) as a polynomial in 
x-— h, and then change g into x+h. 
Ex. 2. Uf f(x)=2x +x? - 5x -3, find f(x +2). 
Proceed as in Ex. 1 and substitute x +2 for x in the result, thus 
f(a +2) =223 + 132? + 232 +7. 
(3) If f(n) ts a polynomial in n of degree r, to express f(n) in the form 
Ag+ ayn+aon(n+1)+a.n(n+1)(n+2)+... 
+a,n(n+1)(n+2)...(n+7r—1). 


This can be done by dividing by n, n +1, n +2, ... in succession. 


Ex.3. Express n*+3n?+2 in the form 
a+bn+cn(n+1)+dn(n+1)(n+2)+en(n+1)(n +2)(n +3). 


Divide nt +3n?+42 by n, the quotient by n +1, the quotient thus obtained by n +2, 
and finally the last quotient by n+3. The reckoning is shown below, and the required 
coefficients are the numbers in thick type. 


l+1{1 +0 +3 +0 +2 
-l +1 -4 

14+2}1 -1 +4 —4 
-2 + 6 

1+3)1 -3 +10 
-3 

1 —6 
ni +3In +2 =2 ~4n+10n(n +1) -6n(n+1)(n +2) 

+n(n+1)(n+2)(n +3). 


5. The Remainder Theorem. If f(x) is a polynomial, then f(h) 
ws the remainder when f(x) is divided by x —h. 
This follows on substituting # for z in the identity 


fle)=(@-h) OAR, 7 
where Q and R are respectively the quotient and remainder in the division 
of f(x) by x—h; for R is independent of z. 
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Corollary. If f(h)=0, then x—h is a factor of f(x) 
For, in the preceding, R=f(h) = 


Ez.1. Show that, if n is odd, x+ 1 is a factor of x" +1. 
Since n is odd, (—1)"= —1, hence if x= —1, 
ev +)]=(-1)%+1=-14+1=0. 
<. «+1 is a factor of z” +1. 


Ex. 2. If f(x) =324 + 223 - 6x — 4, find the value of f (0-2). 
f (0-2) is the remainder in the division of f(x) by 2-0-2. Performing the division: 


1-02 | 3 +2 +0 -6 -4 
+0-6 +0-52 + 0-104 -1:1792 
3 +26 +052 —5-896 — 5:1792 


Remainder = — 6:1792=f(0-2).-.— 


momen ae aT 


6. Theorem. If f(x) is a polynomial which vanishes when x has the 
values a), &z, -.. Xn, no two of which are equal, then the product 


(£ — æ) (X — Xa) (L — Og) ... (X = An) 
ts a factor of f(x) 
For since f( e 0, by the Remainder theorem f(x)= (x -«).fi(x), 
where f (x) is a polynomial. Therefore f(æs)= (a —«,) fi (a>). 
Now f(«.)=0 and ee therefore f,(«,)=0, and consequently 
x—-a, is a factor of f(z). Hence 


f(x) =(% æa) falx). and f(x) ==(% — a) (% — ag) f(z) 


where f,(x) is a polynomial. 
Proceeding in this way, we can show that (æ -—aœ) (x -—a&)...(£— an) 18 a 
factor of f(z). 


7. Theorem. A polynomial f(x) of the n-th degree cannot vanish for 
more than n values of x unless all its coeficients are zero. 

For otherwise (by Art. 6) the product of more than n expressions of the 
form x—« would be a factor of the polynomial. That is to say, a poly- 
nomial of the nth degree would have a factor of degree higher than n, 
which is impossible. 

If all the coefficients of f(x) are zero, f(x) is said to vanish identically. 
Thus (%—-a)(b—c)+(2—b)(c—a)+(x-—c)(a—b) vanishes identically; for 
it is of the first degree in x, and it vanishes for the values a, b, c of zx. 


Corollary. An equation of the n-th degree cannot have more than n roots. 


Nore. Later it will be shown that every equation of the nth degree has 
exactly n roots, not necessarily all different, which may be real or imaginary. 
c B.C.A. 
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8. Theorem. If for more than n values of x, 
ax? + ba "34+... thath=a'a" 4+ be" e. theth, 


then a=a', b=b', ..., h=h’, k=k'; that is to say the polynomials are 
identically equal. 
For by the given conditions the polynomial 


(a= a'j + (b-b) 1 4+....4+ (h-A')x+(k—-k’) 


vanishes for more than n values of z; hence, by the preceding article, it 


follows that 
a=a, b=b, ..., h=h’, kek’. 


9. Polynomials in Two or More Variables. 

(1) If f(x, y) is a polynomial in x and y which vanishes for all values of x 
and y, then all the coefficients of f(x, y) are zero. 

The following method applies in all cases. Let the polynomial be 


u=ar? + bay +cy2+dxr+ey +f, 
which is supposed to vanish for all values of x and y; then 
u=ar? +x (by +d) +(cy*+ey +f), 
and for any given value of y, the last expression is a polynomial in s, which 
vanishes for all values of z ; 
hence a=0, by+d=0, cy®+eyt+f=H0. oo... (A) 
Also the relations (A) hold for all values of y ; 
< a=0, b=0, d=0, c=0, e=0, f=0. 


(2) If for all values of x and y the polynomials f(x, y) and F(a, y) have 
equal values, then the coefficients of like terms in the polynomials are equal. 
This follows immediately from (1). 


Note. The fact that two polynomials, u, v, are identically equal is often expressed 
by writing w= v. 


10. The Method of Undetermined Coefficients. It is often 
necessary to enquire if a given function can be expressed in a certain 
specified form. In cases of this kind we may use the method of 
‘ Undetermined Coefficients,’ which may be described as follows. 

Assume that the function is expressed in the given form, where some of 
the coefficients are unknown. In order that the identity involved in this 
assumption may be true, the.unknown coefficients must satisfy certain 
equations. If these equations have a solution, the function can be expressed 
in the specified form. 
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Ex. 1. Show that values of a, b, c exist such that 
2x? — 5x ~-l=a(x4+1)(u—-2)+0(x —-2)(4@ -1)+c(x-1)(x +1), 
and find these values. 
The right-hand side = a(x? ~ x ~ 2) +6(a? — 3x +2) +c (x? — 1) 
= (a+b +c)x? — (a +3b)x — (2a ~2b+¢). 
This is equal to the left-hand side for all values of x, if values for a, b, c can be found 
such that «ibe a2. a -3b=-3. Pa ~2hee oh. 


These equations have one solution, namely, a=2, b=1, c=-1. 


In a question of this kind, if it has been shown that an identity of the specificd form 
exists, the values of the constants may be found by giving special values to the variables. 


Thus, assuming that an identity of the specified form exists, we can find a, b, c, 
by putting v=1, —1, 2 in succession. 


Ex. 2. Search for factors of S= 2a? — Sry - 3y? -x +10y -3. 
Since 2r? -- Sry — 3y? - (22 4+-y) (a —3y) we assume that 
S --(2x +y +p) (ue -3y +q) =2.07 — bay - 3y? +elp +24) + y4(¢ -38p) + py. 
Kquating coefficients, we have the three conditions : 
p-+2q=-1, -3p4+9q=10, pq= -3. 


From the first two, p=: -3, g=1, and these values happen to satisfy the third 
condition. 


11. Quadratic Functions of x and y. Every homogeneous 
function of z, y, z of the second degree is of the form 
ax + by? + cz" t fyz + gex +2ALY. cocccccecceeceeee (A) 
When z=1 this reduces to 
ax? + hry + by? + ge +2fy tes cece eee eeee eee (B) 


which is the general form of a quadratic function of x and y. 

From Ex. 2 of Art. 10 it appears that the cases in which an expression 
of the form (B) can be resolved into factors are exceptional. The condition 
that this may be possible is investigated in the next article. 


12. Theorem. The necessary and sufficient condition that the quadratic 
function S = act + Qhiy + by* + 2gx + 2fy +e 
can be expressed as the product of two linear factors is 
A abe + 2fgh - af? — bg? — ch? =0. 


Assume that S=(pr+qy+r)(p'x+q'y+r) and consider the equation 
S=0; this can be written 


ax? +2x(hy +g) + (by? +2fy +c) =9, 


giving x = - (hy +g) + (hy +g)? —a(by? + 2fy +e) jo eae (C) 
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These values of x must be the same as -7 (qy+r)and — > (q'y +r’); they 


are therefore rational functions of y. Hence the expression under the 
root sign in (C) 1s a perfect square. Now 


(hy +g)? -a (by? + 2fy +c) =y? (h? — ab) + 2y (hg — af) + (g? — ac), 
and the condition that this may be a p square is 
— af )* — (h? — ab) (g9? —ac)=0 
or be aaa —ch?) =0. 
The following cases must now be considered : 


(i) If a is not zero, it follows that 


abe + 2fgh — af? =bg —ch2 =O. arivis iiisi (D) 


(ii) If a=0 the reasoning fails; but, except when b=0, we shall be led 
to the condition (D) by solving for y and proceeding as before. 


(11) Zf both a and b are zero, and h=40, then 
S=2hary + 2gx + 2fy +e 
at 2g 


hy+g)+e- 7 


=2x(hy +g) + 


-2y +g) (2+f)-f, 


for in this case 4=2fgh—ch?. Hence S can be resolved into linear 
factors if, and only if, 4 =0. 


(iv) If a=b=h=0, S is not a quadratic function. Hence, in all cases, 
if S can be resolved into linear factors, then 4 =O. 

Conversely, if 4 =0, then S can be resolved into linear factors. 

This is evident in all cases, from the preceding. 


Nore. The expression abc +2fgh —af* —bg* —ch? is generally denoted by A, and is 
called the discriminant of S. Observe that p, q, r, p’, 7’, 7’, are not necessarily all real. 


Ex. 1. If, in the above, p, q, r, p’, 7, r are all real, prove that 
bc -f?, ca-g*, ab—-h’, 
are all negative ; and vice versa. 
The square root of (hy +g)? ~a(by? + 2fy +c), or 
y? (h? — ab) + 2y(hg —af) +g? -ac, 


is real if, and only if 
h? -ab and g*-ac are positive. 


Similarly, by solving S=0 as a quadratic in y, we find that f? — 6c must be positive. 
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EXERCISE III 
DIVISION AND FACTORS 


In Exx. 1-6 find by synthetic division the quotient and remainder when the 
first expression is divided by the second. 


1. 524+624+2; z+4. 2. 2° -—5at+72?2?-1; x-2. 

3. xt — 4x3 + 6r? -4r+l; 382-2. 4. w5-1; 27+4+1. 

5. 3x- 5x — lle? +x-1; x? -2x -2. 

6. 3x5 + 624 — 2x? -x2 -2x +4: 22427 -1. 

7. If 4x4 - (a —1)2° + az? -6x + 1 is divisible by 2x —1, find the value of a. 

8. Express x? + 2x?+2+480 as a polynomial in (i) +5; (ii) e+]; (iii) x +4. 


9. If x is given by the equation 2°*-—x?-8x+3=0, find the equation 
giving y when (i) y=x-2; (ii) y=3a"~—1; (iii) y =3x +4. 


10. Express n‘ in the form 

a+bn+cen(n+1)+dn(n+1)(n+2)+en(n+1)(n+2)(n+3). 
11. If f(x) = 6r? + 4x? + 3”-+2, find the values of f( - 2), f( - 3), f(4). 
Factorise the expressions in Exx. 12, 13. 


12. xt — 2x3 — 7x? + 8x4 12. 13. 2x4 — 3a3y — bx?y? — 8xy? — 3y4. 
14. Find a polynomial in x of the third degree which shall vanish when x= 1 
and when x= —2, and shall have the values 4 and 28 when x= -1l and x=2 


respectively. [The polynomial is of the form (x — 1)(z+2)(axz+6).] 


15. Find a quadratic function of x which shall vanish when «= -$ and have 
the values 24 and 62 when x=3 and x=4 respectively. 
[The function is of the form (7x +3)(ax+5).] 


16. Find a homogeneous function of x and y of the second degree which shall 
vanish when x=y and also when v=4 and y=3, and have the value 2 when 
x=2 and y=1. 

[The function is of the form (x — y)(ax + by).] 

17. If n is odd, show that x™+1 is a factor of 2™ +1. 

18. Express x! + 1 as the product of four factors. 

[It follows from Ex. 17 that 2? +1 and zê + 1l are factors.] 


19. Prove that the condition that az?+bx+c and a’x?+b’x+c’ may have 
a common linear factor is 


(ca’ —c’a)* =(be’ — b’c)(ab’ — a'b). 


[x-a will be a common factor if aa?+bat+tce=0 and a’«?+b’«+c’=0. 
Eliminating « between these equations, we obtain the required condition. ] 


20. Find the condition that axz*+bz+c and a’x°+6’x+c’ may have a common 
linear factor. 


21. If n is any number, show that n? can be expressed in the form 
a(n —1)?+ b(n — 2)? +¢(n — 3)?, 
and find the values of a, b, c. 
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22. If p, q, r, s are four consecutive numbers, show that p?, qg?, r?, s? are con- 
nected by a linear equation, and find this equation. 
[This follows from Ex. 21.] 


23. If x, y, z, w are four consecutive terms of an arithmetical progression, 
prove that x?, y?, z?, w? are connected by a linear equation with constant coeffi- 
cients. Find this equation. 

[Write x=p- 3q, y=p-q, z=p+q, w=p+3q, and find b, c, d such that 
(p ~ 39)? +b(p-4)} +ce(p+4)+d(p+3q)}=0.] 


24. Show that constants a, b, c can be found such that 
3x? + 16x +23=a(x+2)(xr+3)+b(x +3 (x+l1)+elæ+1l)(x+2) 


and find the values of a, b, c. 

In Exx. 25, 26 show that values of a, b can be found for which the first expres- 
sion is divisible by the second, and find these values. 

25. xë +23 +ax? +b; x +1. 

[Find the remainder in the division of the first expression by the second, and 
make this identically zero. ] 


26. axt + bx? — 12r? +2lx-5; 2x?+3x-l1. 
[Arrange in ascending powers of x before dividing. ] 


Resolve the expressions in Exx. 27, 28 into factors. 
27. 3x? + xy — 4y? + 8x + 13y - 3. 28. 3x? + 2xy — 8y? — Tx -+ l6y —6. 
29. Show that xë — 625 + 24x4 — 56x? + 96x? — 96x + 64 is a perfect cube, and find 


the cube root. 


30. If 2? +32? — 9x -+c is the product of three factors, two of which are identical, 
show that c is either 5 or —27 ; and resolve the given expression into factors in 
each case. 


31. (i) Find the remainder in the division of 
r +3px+q by xr? -—?ar+a?. 
(ii) If x3 +3pz +q has a factor of the form (x —a)?, show that q? + 4p? =0. 
(iii) If the equation z? + 3px -+q =0 has two equal roots, what is the relation 
connecting p and q ? 
32. If xt+pr?+qx+r can be expressed in the form (x —a)?(x—6), show that 
8p? = —27qg* and p?= —12r. 


In Exx. 33-34 find the value, or the values, of A for which the given expression 
can be resolved into factors, and for cach value of A resolve the expression into 
factors. 


33. x? — xy + 3y -2 + A(x? -y?). 34. x? +y? —-6y+4+4+ A(x? -3y +2). 


35. If ax? + Zxy + by? +2gx+2fy+c is a perfect square, show that f= +V bc, 


g=+Nca, h= +Vab, provided that the negative sign does not precede an odd 
number of the radicals. 


36. If 5x? + 4ry +y? -— 24x — 10y +24 =0, where x and y are real numbers, show 
that x must lie between 2 — ./5 and 2+ ./5 inclusive, and y between — 4 and 
+ 6 inclusive. 

[Solve for x and y in succession. ] 
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37. If 2x? + 4xy + y? -— 12x -8y+15=0, where x and y are real, show that x 
cannot lie between 1 +y} and y cannot lie between 1 and 3. 


38. If x24 xy --y?+ 22 —-y+1=0, where x and y are real, show that y cannot 
lie between 0 and — 3, but x can have any real value whatever. 


39. If f(x) is a rational integral function of x and a, b are unequal, show that 
the remainder in the division of f(x) by (x - a)(x ~ b) is 
[(x —a) f(b) ~ (x — 6) f(a) (b —@). 
{The remainder is a linear function of x, and may therefore be assumed. to be 
A(x-a)+ B(x —-6).] 
40. (i) If az? + bx +c has a factor of the form z? + px + 1, show that a? -c? =ab. 


(ii) In this case, prove that ax? +br+c and cx? +bx?+a have a common 
quadratic factor. 


[For (ii), in the identity az3+ba+c =(2%*+px4+1)(ax+c) put I/x for x and 
multiply each side by z*.] 
41. (i) If ax5+ b2?+4-c has a factor of the form 2?++px+1, prove that 
(a? — c?) (a? ~ c? + bc) = a76?, 


(ii) In this case, prove that az> 4+ bx?+c and cx’ +br3 +a have a common 
quadratic factor. 


13. Expansion of Products. To expand the product 
(DEB) (pq) (EEY HZ W), cceccccccceresccccserees (A) 


we multiply each term of (a+b) by each term of (p+q+r); we then 
multiply each of the products so formed by each term of (x+y +z +w), 
and add the results. 

Hence the expression (A) is equal to the sum of all the products which 
can be formed by choosing any term out of each of the factors and multiply- 
ing them together. 

In general, the product of any number of polynomials is equal to the sum of 
all the products which can be formed by choosing any term out of each poly- 
nomal and multiplying them together. 


14. Theorem. If Pi, Pas P3,-... denote the sums of the products of 
Qi, Mg, Ag, ... , An, taken one, two, three, ... at a time, respectively, then 
(x +a) (£ +a) (£ +a)... (£+ ap) = 2" + pa"! + pot"? + + Dy. 


For (x +a) (x +a) (£ +a)... (£ +4a,) ig equal to the sum of all the 
products which can be formed by choosing a term out of each of the 
factors and multiplying these terms together. 
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Choosing x out of each factor, we obtain the term z” of the expansion. 
Choosing z out of any (n — 1) of the factors and the a out of the remain- 
ing factor, we obtain 


L-i (a, +a +a +... +a) or par}, 
Choosing x out of any (n — 2) of the factors and an a from each of the 
two remaining factors, we obtain 
L~? (dä + 0a +... +43 +...) OF poa”. 


Choosing x out of any (n-r) of the factors and an a from each of 
the r remaining factors, we obtain ,p,z”~". 


Finally, choosing an a out of each of the factors, we obtain a,a,a, ... an 
Or Pn» 
", (L+a,)(U+4_)(%+a5) ... (£ +a) =U" + pa" + pot”? +... + Dy. 
In particular, if a, =a,=a,=...=a, =a, we have 
(x +a)" =x" + C r"a +Cga"-2a2 + ...0O x" Ta +... +a", 


which is the Binomial Theorem for a positive integral index. 


Many identities can be obtained by expanding a function of x in two 
different ways by the Binomial theorem and equating coefficients. 


Ex.1. Use the identity (1 +x)” =(1+ 2x7 +27)" to prove that 


on OSD) onz CN) ona, 2s 
hl a2 Rake 
We have 
(1 +2)?” = (x2? +22)" + Cle + 2x) 4. C5 (2? +2r)” -2 4... +1. 
The coefficient of x” in (1 +z)?” is on 
the coefficient of x" in (x? + 2x)” is 2”, 


the coefficient of x” in CT (x? + 2z)"-1is CF. C ot re. 
the coefficient of z” in Ch (2? + 2a)"~2 ig Cy oe gaza 
and so on. The result follows by equating coefficients in the identity. 


The use of the Multinomial theorem, explained in Art. 16 on the opposite 
page, can sometimes be avoided, as in Ex. 2. 


Ex. 2. Find the coefficient of x" in (1 +x+ r? +23)", 
Here 1+ 2a,27S (1 +r? +r)” = (1 +x)” (1 +x)” 
=(1 + 2C¥x§)(1 + ZCPx*), 
Hence, if r=2m, then a, =Ch + Cries + OF CE tees 
and, if r=2m+1, a, =O nT + Ch Ce tOn +o 
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15. Expansion off (x+h) in Powers of x. Here f(z) is supposed 
to be a polynomial in z. 

When the coefficients in f(x) are known numbers, we use synthetic 
division, as in Art. 3. 

The following general theorem is required later : the notation is explained 
in Art. 1 of this chapter. 


If f(x) = aor" + naa"! + aloe 


Apt"? +... +n, 


then f(z+h)= age” +nA a” 4 — a Ane" 4+....4+An, 
where A,=a,h+a,, A,=ah?+2a,h+a,, Az = ah? + 3a,h? + 3ah+ az, 
A, = (Gq, 41, Ay, ... OHA, 1)". 
For by the Binomial theorem, 


f(a+h)=a)(z +h)" +Cia (x+h +Czas(£ +h)" +...+a, 
= Aol” +h" + kon? +. theo + + ky, 


where k =a rh" +a CO th + a0 gC gh"? + ... 
to r+1 terms. 
Now CC. = 2 P 
| pin- p|n-p -p |r-p|n-r 
K r 


e p 
=07 . 05- 
Thus k,=CP(agh"+Cjya,h"1+Cya,h" 2+... +4,) =C;A,, 


which proves the theorem. 


16. Multinomial Theorem for a Positive Integral Index. 
(1) Expansion of (a+b+c+...+k)". The product 


(at+b+c+...+k)(at+b+c+...+k)... to n factors 


is the sum of all the products which can be formed by choosing a term out 
of each of the n factors and multiplying these terms together. 

The expansion is therefore the sum of a number of terms of the form 
a*bfcv ... kx, where each index may have any of the values 0, 1, 2, ..., n, 
subject to the condition 


Cee E of E eon ee Rane eee ere (A) 
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Choose any positive integral or zero values for «, B, y, ..., x which 
satisfy this condition. To obtain the coefficient of the term a%b®c” ... k“, 
divide the n factors into groups containing «æ, Ê, y, ..., « factors, respec- 
tively. Take a out of each factor of the first group, b out of each factor of 
the second group, and so on. 

The number of ways in which this can be done is 


| oe |B IBly... |x E Pae 
and this is the coefficient of a*b?c” ... k in the expansion (i.e. the number 
of times which this particular term occurs). Hence 


(at+b+e+...4+h)"= lap ya. be GOL TE E (C) 


where æ, B, y, ..., k are to have all possible sets of values which can be chosen 
from the numbers O, 1, 2, ..., n, subject to the condition 
atBPryt...t+k=n. 
This result is called the Multinomial Theorem for a positive integral 


index. 
Thus in the expansion of (a—-b—c+d)® the coefficient of abc is 


(- "3 32110 a 
2) If there are m numbers a, b, c, ... k, the greatest coefficient in the expan- 
sion of (a+b+c +... +k)” ws 


[mi(layr "(a+ 
where q is the quotient and r the remainder when n is divided by m. 
The coefficient | n/| æ |B | vy... | « has its greatest value when | æ | B ... | x 


has its least value. Denote this value by v, then v 1s the least value of 
|«|B...|« if x and 8 alone vary and y, ... « are constant. 


Thus | «| 8 must have its least value subject to the condition «+ B=C, 
where C is a constant. 


u 
Let u,=|a%|B=|«|C—a, then oe a and ua£ ua accord- 
a- 


ing as a=C-atl, l.e. as a=4(C+1). Hence u, has its least value 
when «=f8=$C if C is even, and when «=3(C' +1), B=3(C—1) if C is 
odd. 

Thus « and 8 must be equal or differ by 1, and the same is true for any 
pair of the numbers a, b, ... k. 
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We conclude that some (possibly all) of the set a, b, ... k are equal to a 
certain number q, each of the rest being equal to q+ 1. 

Let r of the numbers be equal to q+ 1 and m—r of them equal to q, then 
O<r<m and r(q+1)+(m-r)q=n, that is gm+r=n. 

Hence çq is the quotient and r the remainder when n is divided by m, 
which proves the theorem. 


(3) If there are m numbers a, b, c, ... k, the coefficient of x" in the expan- 


|n 
sion of (a+br+cer? +... +k") 16 È — m 
J | l Saele 


a, P, y, ... k have any of the values 0, 1, 2, ... n subject to the conditions 


abbey ... kX, where 


at+Bt+y+..tK=n and B+2y+...+mK=r. 
This follows from (1) by putting bz, cz?, ... kx™ for b, c, ... k in equation 
(C). 


Ex.1. Find the coefficient of x* in the expansion of 
(1 +2x +327). 


xd 
(9) 


The coefficient = & -—= ,--. 12. 28.37, 
al B| y 
where «, 8B, y have any of the values 0, I, 2, ... 5 such that x B Y 
l 4 0 
at+Bt+y=5 and B+2y=4. 9 9 j 
The solutions of the second equation are (4, 0), (2, 1), (0, 2), 3 0 2 
and the possible values of «, B, y are shown in the margin; 
a | 5 F. | 5 l | 5 
> icient = ~~~ , 24, 39+ —- xo = 7 , 20 | 3? 
. the coefficient 1 J40 Ray °+370 2 3 
= 80 +360 +90 = 530. 
Kx. 2. Find the greatest coefficient in the expansion of 
(a+6b+c)’. 
Here m=3 and 7--2.3+1, so that gq=2, r=1; 
~ greatest coefficient =| 7/(| 2)?. | 3. 
EXERCISE IV 
BINOMIAL COEFFICIENTS 
If (1 +x)” =C tex +¢,%? 4+... --¢, a", prove the statements in Exx. 1-12. 


1. c, 4+ 2c,27 + 3c,2?2 +... +ne,2"-=n(1 +a)", 
2 |2n 


2, pete p tEn tH. 
0 1 2 n jnjn 


38 COEFFICIENTS IN EXPANSIONS 
3. Cot 2e,% + 3e,77+...+(n+1)c,2"={1+(n+1])a}(1 +2)". 
4, cy — 2c, +3c,—...+(-1)"(n+1)c, =0. 
5. Cg+ 23+ 3c, +... +(n —1)c,=14(n —2)2"-1, 


2n 
6. CoCy + CCa + Calg +... +Cn_1C eee, 
901 F C103 + Calg +... + Cnain [n+1|n—1 
| 2n 
Te CoC, + CyCp pp $C gCppg toes H Cnain = [niran : 
C 2c, 8c nc, 1 
By ee eh eS nel) 
Co Cy Cy Cna 2 
n 
2 2, 2 2 |” 
9. Show that cg- cite- +(- 1)” in [yn or zero, according as 
n is even or odd. a 
10. Show that the sum of the products of co, Cis Cy, ... , Cn taken two together 
i l to 227-1 = 
is equa Th : 
q 2jnjn 


[The required sum =}${ (co +6, +Ca +... +Cn)? — (c +c? +02 +... +02)}.] 
11. Using the result of Ex. 1, show that 
2 2 2 
c? + 202 + 3c + e FNC, 


is equal to the coefficient of x”—! in the expansion of n(1 +x)?”—!. Hence show 
that the sum of this series is | 2n —1/(| n — 1)°. 


12. Using the result of Ex. 3, show that 
C8 + Qc + 3ch +... (n1)? 
is equal to the coefficient of x” in the expansion of 
[1 +(n+1)e](1 +x)”. 


(n+2)|2n -1 
Hence show that the sum of this series is ———=== 
njn- 
13. Prove that if n>1, 
M: EE EEA a T LEE BEN 
Dpi ep p a [x 


14. If the terms of the series 
(x +3) -1+4 (x +3) —(x+2)+ (x +3) (x +2) +... +(x +2)! 
are expanded and the whole is arranged in powers of x, show that the coefficient 


n 
of z” is 2 (3"-7 — Qn—"), 
[r|m=r 
15. Show that £722- 1r(n -r)(C?)=n?030-?, 


[Using Ex. 11, the sum of the series is equal to the coefficient of z” in the expan- 
sion of n?(1+2x)*"-2,] 
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In Ex. 16-18 find the coefficients of the products stated : 

16. abcde in the expansion of (a+b+c+d+e)®. 

17. a*b4c® in the expansion of (bc + ca + ab)’. 

[Write a*b‘c> =(bc)® (ca)! (ab¥ and find x, y, z.] 

18. a?b?cd in the expansion of (ab+ac+ad+ bc+ bd + cd). 

19. If (1 +x +r?) =C tct +C? +...4+6,07+...+Cen0™", prove that 


(i) Co=Cony Cy = Conis +++ Cp=Con_p ee 
(ii) ea =e +2 nate Gh: 

(iii) CoACg+Cgt.-.+ Con =l +C tC HC +... + Cni 
n(n —1) n(n —1)(n -2) 
2 7? |3 


(iv) Co — nc, + 


C3+...+(—1)”c, is equal to 


|n 
3n | in 
n(n-1) n(n—1)(n-—2)(n—-3) 
pt 
last term of this series when n is even and when n is odd. 
(Vi) CoCa — C1C3 + CaCa — -.. + Con _2Con=Cny1- 


or zero, according as n is or is not a multiple of 3. 


(v)c,=1+ +..., and write down the 


[In (i) put 1/x for x and multiply by z?”. In (ii) put — x for x, and observe that 
(l+a+z2z*)(1—24+a2?)=1+27+24,] 
20. If (+4 +x? +23)" =Co 46,0 +C? +... H Cna?" : 
(i) Find the value of cy +c, +c, +... +C3n- 
(ii) Prove that Co +C +C +Ce +... =C1 +C3 +C CI+... 
(iii) Prove that Co =Csns Cı =Cs3n—1s Ca ™=Csn—z, etc. 
21. In the expansion of 
(l+2z)(l4+%+2?)(l+x2+27425)...(l+2+2?+...+2"): 
(i) What is the term containing the highest power of x ? 
(ii) Find the sum of the coefficients. 


(iii) Show that the sum of the coefficients of the even terms is equal to 
that of the odd terms. 


(iv) Show that the coefficients of the terms equidistant from the begin- 
ning and end are equal. 


22. In the expansion of (1+2)"(1+y)"(1+z)", show that the sum of the 
3n 


coefficients of the terms of degree r is —-———.. 
eee 


23. By expanding the two sides of the identity 
(2x +x?) = {(1 +x)? -—1}" 
and equating the coefficients of x”, show that 
om" OTON TEODORA On, 


Also write down the last term of the series on the left (i) when n is even, (ii) 
when n is odd. 
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24. By expanding {(1 +x)? —-2z2}™ in two different ways, prove that, if m>n, 


2m Ymp12m — 2 mrr2n—-4 erm 

| C5, @2eU, Cs, ay te ws Co, ao SoC 
25. If (1 +2274 222)" =a) +A £ +A? +... +Haant?”, 

prove that Gape ne FOC IRA POCI Euh, 


the last term in the bracket being Ch, or (r+ LCG 4 according as r is even 
or odd. 


In particular, show that 
(ii) ay =4n? -2?-"n(1 +30} 7% +5C%-14... to n terms). 
(ill) @g=423-"n (nm -1){1.3 +3. BCRP 45 TOR 24 ... to (n —1) terms}. 
[We have (1+ 2a +22?) =2(4+4)*+3; 
» (1422 4+ 2x7)" = 2" (x +4)” + 22-204 (a +h) Ft... .] 


17. Highest Common Factor (H.C.F.). We consider polynomials 
in a single variable x. These will be denoted by capital letters. 

(1) If A=BQ+ R, where A, B, Q, R are polynomials, the common factors 
of A and B are the same as those of B and R. 

For since A= BQ+R, every common factor of B and R is a factor of 
A and, since R= A - BQ, every common factor of A and B is a factor 
of R. 

(2) If B is not of higher degree than A, polynomials or constants (Q,, R,), 
(Qa Ro), (Q3 Ry) -.. can be found such that 


A=BQ,+R,, B=R,Q,+R, R,=RQ, +R, ete., 


where the degree of any one of the set B, R,, Ry, ... is less than that of the 
preceding. 

It follows from the last theorem that 

(a) if one of the pairs (A, B), (B, R,), (Ri, Ro), (Rə, R3) have a common 
factor, this is a common factor of every pair; 

(b) if one pair have no common factor, the same is true for every pair. 


Moreover, the process must terminate and that in one of two ways: 
the last remainder, say R,,, must vanish identically, or be independent of z. 

If R ,=0, then R,_,=R,_,Q,, so that R,_, 1s a common factor of 
(Rn-2 R,_,), and therefore also of (A, B}. Morcover, every common 
factor of (A, B) is a factor of R,,_,, which is therefore the H.c.F. of A, B. 

If #,, is independent of z, then (R,,_,, R,_,) have no common factor, and 
the same is true of (A, B). 


(3) The H.C.F. Process. Equations (1) of the last section are found 
by successive divisions, as represented below. 


H.C.F. PROCESS 4] 


In practice, the reckoning is generally arranged as on the right. 


B) A (Q 
BQ, QI Bl 4 /Q, 
Ri) B (Q RQ: | BQ, 
FQ. R, | Ri | 
R, ) Ri (Q; etc. 


etc. 


The process may often be shortened by noticing that : 

(1) We may multiply or divide any of the set A, B, R,, Ry, ... by any 
constant or by any polynomial which is not a factor of the preceding 
member of the set. 


(ii) If we arrive at a remainder R,, which can be completely factorised, 
the process need not be continued. For if we find which, if any, of these 
factors is a factor of R,_,, we can write down all the common factors of 
(Rn Ra). 

(111) We may use the following theorem : 

If X=lA+mB and Y=l'A+wB, where l, m, l, m are constants 
different from zero and such that Im -l'm 40, then the 8.c.F. of X and Y 
ts the same as that of A and B. 

For every common factor of A and B is a common factor of X and Y. 
Moreover, 


A(lm —-l'm)=mX -mY and B(lw -l'm)=lY -l'X, 
therefore every common factor of X and Y is a common factor of A and B. 


Ex. 1. Find the u.c.r. of A =32? +x +4 and B=2x3 — 2? +3. 


Paying attention to the remark (i) and using detached coefficients, the reckoning 


is as follows : 
3+0+ 1+ 


4 

2 
2-1404+3]/64+0+ 2+ 8/3 

9 

1 

7 


Hence the H.c.r.=x+1. But it is unnecessary to go beyond the step marked (a), 
which shows that R, =32? + 2x -1 =(3x - 1)(x +1). 

Now z +1 is, and 3z -1 is not, a factor of B. Therefore x+ 1 is the R.C.F. of B, Ris 
and consequently that of A and B. 
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Ex. 2. Find the u.c.¥. of A and B where 
A=12¢5+523+8 and B=82°+527?+12. 

We have 2A —~3B=1023 — 15x? — 20 =5 (2x3 — 32x? — 4), 

3A —2B=2025 + 1523 — 10x? = 5r? (4x? + 3x —- 2). 
Putting C = 223 - 3x? -4 and D=425 +32 - 2, it follows that the H.c.F. of A and B 

is the same as that of C and D. 

Further, C -2D=62? +32 +6 =3(2x? +x +2), 

2C — D = 6r? + 3x? + 62 =3x (2x? +x +2). 


Hence the H.C.F. of C—2D and 2C -D is 2x?+x+2: this is therefore the H.C.F. 
of C and D, and also that of A and B. 


18. Prime and Composite Functions. If a polynomial has no 
factors except itself (and constants) it is said to be prime : otherwise it is 
said to be composite. 

Thus z? +3x+2 is a composite function whose prime factors are x+ 1 
and x +2. 

Polynomials which have no common factor (except constants) are said 
to be prime to each other. Such expressions have no H.C.F. 

Thus 2(x+ 1) and 4(x?+ 1) are prime to each other. 


We can prove theorems for polynomials analogous to those of Ch. I, 
Arts. 3, 4 and 5, relating to whole numbers. 

Remembering the distinction between arithmetical and algebraical 
primeness, the reader should have no difficulty in making the necessary 
verbal alterations. Thus, the theorem corresponding to that of 4 (i) is as 
follows : 


If A, B, M are polynomials and M 1s a factor of AB and prime to A, then 
M is a factor of B. 


For if M is prime to A, these two have no common factor. Hence the 
H.C.F. of MB and AB is B. But M is a factor of AB, and is therefore a 
common factor of MB and AB. Hence M is equal to, or is a factor of, B. 


Theorem. If A and B are polynomials in x, then polynomials X, Y, 
prime to each other, can be found such that 


AX+BY=1 or AX +BY =G, 


according as A is or is not prime to B, G being the H.cur. of A and B in the 
latter case. 

For if Q,, Q, ... are the quotients and R,, Rə ... the remainders in the 
process of searching for the H.c.F. of A and B, 


A=BQ,+R,, B=R,Q,+R,, R =R,Q;,+R, ete. 
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Therefore we obtain in succession the following equations : 
R,=A—-BQ,, 
R= — AQ, + B(1 +192), 
Ry =A (1+ Q203) - B (Q1 + Os + 9192s). 
Continuing thus, we can express any remainder in the form 4X + BY, 
where X and Y are polynomials. 


Now the last remainder is either G, the H.c.F.; or it is a constant c. 
Hence we can find X, Y such that 


AX+BY=G or AX+BY=c. 


In either case X is prime to Y, for the first equation may be written 
A B 


a: X tg Y =1 and G is a factor of A and of B.; thus in either case any 
common factor of X and Y would be a factor of a constant. 
In the second case, the polynomials in question are X/c and Y/c. 


Nore. This theorem is fundamental in the Theory of Partial Fractions, which 
are dealt with in Ch. VII. 


EXERCISE V 
H.C.F. AND ITS USE 
Find the n.c.¥F. of the functions in Exx. 1-6. 
1. 3x! -4x3 +1, 404-573-224 441. 
2. 4x + 5r? +7xr4+2, l6xr?+ 10x +7. 
3. 2xzt— 13r? +x +15, 3x! -2r -— 17x? + 12x +9. 
4, x5 +5xr?-—2, 2x’ -5x7 +1. 5. 2g5 — 5x? +3, 3x? -5r +2. 
6. 12x? + 2x? —- 2lx —4, 6234+ 7x? -— l4zr-—8, 21x4 -—28r3+9xr?-— 16. 


In Exx. 7-9, find polynomials X and Y for which the statements are identically 
true. 


T. (x-1}X -(x+1PY=1. 8. (x3 -1)X -(x5-1)Y =x —1. 
9. (x? — 3x? + 2x — 1) X — (x? — 2x? — 2) Y =1. 
10. Use the H.c.F. process to obtain 
3(a2+3a+4)—(32?4+274+1) =7x41l, 
x (3x? + 2x + 1) — (3x — T) (x? +3x + 4)=10x + 28 ; 
and hence find A, B, C, D, such that 
2x -3 Ax+B Cx + D 
(x? + 3x + 4) (3x? + 2x + 1) 2?+32+4 3x? +2741 
[Multiply the first identity by A, the second by u, and add: find A and p such 
that (7A+ 10u)/(11A + 28n) =2/(-—3); and thus obtain 
(Ax + B) (8x? + 2x + 1) + (Cx + D)(x? + 3x +4) =2x -3.] 
D B.C.A. 


CHAPTER IV 
SYMMETRIC AND ALTERNATING FUNCTIONS, SUBSTITUTIONS 


1. Symmetric Functions. A function which is unaltered by the 
interchange of any two of the variables which it contains is said to be 
symmetric with regard to these variables. 

Thus yz +zz + xy and (z?y + yz +272) (x?2 + y2x +2?y) are symmetric with 
regard to x, y, z. (In the second expression, the interchange of any two 
letters transforms one factor into the other.) 

The interchange of any two letters, z, y, 1s called the transposition (xy). 

Terms of an expression which are such that one can be changed into 
the other by one or more transpositions are said to be of the same type. 

Thus all the terms of wy+a2%z+yz2+yr+z2%x+2%y are of the same 
type, and the expression is symmetric with regard to x, y, z. 

A symmetric function which is the sum of a number of terms of the 
same type is often written in an abbreviated form thus: Choose any one 
of the terms and place the letter X (sigma) before it. For instance, 


x+y+z is represented by Zx and yz+zr+zy by Lazy. 
Again, (x +y +2) =x? + y? +27 + Qyz + 22x + Qry = Lu? + WLyz. 
It is obvious that 
(i) Lf a term of some particular type occurs in a symmetric function, then 
all the terms of this type occur. 


(ii) The sum, difference, product and quotient of two symmetric functions 
are also symmetric functions. 


Considerations of symmetry greatly facilitate many algebraical processes, 
as in the following examples. 


Ex. 1. Expand (y+z2-—2)(z+a- y)(w@+y—2). 

This expression is symmetric, homogeneous, and of the third degree in z, y, z. We 
may therefore assume that (y+z—2)(z+a-y)(x+y—z)=a. 8x +b. Lx’y +cxyz, 
where a, b, c, are independent of a, y, z. 

In this assumed identity, 


(i) put z=1, y=0,z=0; then —-l=a; 
(ii) put x=1, y=1, z=0; then 0=2a +2b, ., b=1; 
(iii) put z=1, y=1,z=1; then 1=3a+6b+c, .°, c= -2. 


Hence the required product is =£ — 7° - 23 + y®2 + yx? + 2° +22? + rty + xy? — Qayz. 
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Ex. 2. Expand (a+b+c+d)(ab+uc+ad+be+bd+cd). Test the result by putting 
g=becS¢d=1. 

The product is the sum of all the products which can be obtained by multiplying 
any term of the first expression by any term of the second. Hence the terms in the 
product are of one of the types a7), abc. 

The coefficient of a2) in the product is 1; for this term is obtained as the product 
of a and ab, and in no other way. 

The coefficient of abc is 3; for this term is obtained in each of the three ways a(bc), 
b(ac), c(ab). 

Hence, the required product is 2a2) + 3Labe. 

Test. The number of terms of the type a) is 12, and the number of terms of the 
type abc is 4; hence, if a=b=c=d=1, 

Za. Sab4.6=24 and La +38dabe=12+3.4=24, 


so that the test is satisfied. 


Ex. 3. Factorise (x +y +z)’ -x -5 —2 

Denote the given expression by K. Sinee K=0 when x= —y, it follows that x+y 
is a factor of E; similarly, y +z and z+2 are factors. The remaining factor is a 
homogeneous = function of x, y, z, of the second degree. We therefore assume 


that E (y +2)(2 + x)(x +yja(x? +? +27) + b(yz +e +2y)}, 
where a and b are independent of x, y, z, and proceed thus : 
put c=1,y--l,z=0; then 2a +b=15.) ms o) : 
putz=l,y=l,z=1; then a+b=10.) b=5f’ 


"~ B--5(y+z)(z+r)(x +y) (r? +y? t+ 22+ yz +2" + xy). 


2. Alternating Functions. If a function & of x, y, z, ... 18 trans- 
formed into — # by the interchange of any two of the set x, y, z, ... , then 
E is called an alternating function of x, Y, 2...» 

Such a function is z” (y —2) +y” (z — x) +z” (x - y); for the interchange of 
any two letters, say x and y, transforms it into 

y(x =z) +a (z-y)+z" (y -x)= —H#. 

Observe that the product and the quotient of two alternating functions are 
symmetric en 

Thus {23(y—z)+y¥(z-2) +23 (4 —-y)}/(y~2)(z-x)(x-y) is symmetric 
with regard to z, y, z 

Ex. 1l. Factorise (y —z) + 43(2 -2)+23(x—-y). 


Denote the expression by HZ. Since E =0 when v =y, it follows that x — y is a factor. 
Similarly y -z and z -x are factors, thus 


E =(y -z)(z -x)(x -y). F, 
where F is symmetric, homogeneous and of the first degree in x, y, z. Hence 
E =k(y -z)(z -x)(x -y}(x +y +2), 
where k is independent of x, y, z. Equating the coefficients of zy on each side, we 
find that k= —1, thus 


E= - (y -2)(z -x)(x -y)(x +y +2). 
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3. Cyclic Expressions. An expression is said to be cyclic with 
regard to the letters a, b, c, d, ... h, k, arranged in this order, when it is un- 
altered by changing a into b, b into c, c into d, ... , h into k, and k into a. 

This interchange of the letters is called the cyclic substitution (abc ... k). 

Thus ab + b?c + c?d + d?a is cyclic with regard to a, b, c, d (in this order), 
for the cyclic substitution (abcd) changes the first term into the second, 
the second into the third, ... , and the last into the first. 

It is obvious that 

(i) If a term of some particular type occurs in a-cyclic expression, then the 
term which can be derived from this by the cyclic interchange, must also occur ; 
and the coefficients of these terms must be equal. 

(1) The sum, difference, product, and quotient, of two cyclic expressions are 
also cyclic. 

In writing a cyclic expression, it is unnecessary to write the whole. 
Thus 27(y—z)+y?(z—x)+27(x—y) is often denoted by 2£27(y—z), where 
the meaning of & must not be confused with that in Art. 1. 

Again, we sometimes denote z? (y —2)+y?(z -x)+2z° (x-y) by 

zely =z) +... H., 
it being understood that the second term is to be obtained from the first 
and the third from the second by cyclic interchange. 

The student should be familiar with the following important identities. 


. (b=0)+(c-a) + (a-b) = 
a(b—c)+b(c—a)+c(a- < =0. 
. @(b-—c)+b? (c-a) + e(a —b)= —(b-ce)(c-—a)(a —b). 
. be(b—c)+ca(c—a)+ab(a—b)= -— (b-c) (c-a) (a — b). 
a(b? — c*) + b(c? — a?) + c(a? — b?) = (b-c) (c-a) (a -— b). 
. B(b—c) +03 (c—a)+c(a—b)= -— (b -c)(c—a)(a-—b)(a +b +e). 
. (a +b +c) (bc + ca +ab)=a(b? +c?) +b(c? +a?) + c(a? +b?) + dabe. 
(b+c)(c+a)(a +b) =a(b? +c?) +b(2 + a?) + c(a? +b?) + 2abe. 
. a +b +c — 3abe = (a +b + c) (a? +b? + c? — be — ca — ab). 
. (b—c)? + (c-a) + (a -b}=2(@ +b +c? — be — ca -— ab). 
. (a+b+c)(b+c—a)(e+a—b)(at+b—c) = ~at — bt — ct + 26%? 
+ 2a? + 2a?b?. 


eu eae 


pi | 
— © 


It will be proved later (pp. 95, 96) that 

(i) Any symmetric function of «, 8, y can be expressed in terms of 
Ža, Lap, aßy. 

(ii) Any symmetric function of «, 8, y, ò can be expressed in terms of 
Xa, Lap, SaBy and a«Bys. 
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This mode of expression is extremely useful in factorising symmetric 
functions, and in proving identities. 
Ex.1. Factorise a(l -—b?)(l —c?)+6(1 —c?)(1 —a?) +c(1 —a?)(1 — b?) — 4abc. 


Denoting the given expression by E, we have 


E=a{l — (b? +e) +b%e%44...... Forss — 4abc 
= Da — Zab? + abc Zab — 4abc. 
Now Zab? = Dia. Lab - 3abc ; 


¿. E=Sa-La. Lab -abc + abc Zab 
= a(l — Lab) - abc (1 — Lab) 
=(1 -be —ca —ab) (a +b +c — abe). 


4. Substitutions. (1) We consider processes by which one arrange- 
ment of a set of elements may be transformed into another. 

Taking the permutations cdba, bdac of a, b, c, d, the first is changed into 
the second by replacing a by c, b by a, c by b and leaving d unaltered. 
This process 1s represented by the operator 


abcd ( a O | 
Ga or (ab)? and we write ( aa cdba = bdac. 


Such a process and also the operator which effects it is called a substitution. 
As previously stated, the interchange of two elements a, b is called the 
transposition (ab). 


ae in which each letter is replaced by 
the one immediately following it and the last by the first, is called a cyclic 
substitution or cycle, and is denoted by (abcd). 

If two operators are connected by the sign =, the meaning 1s that one 
is equivalent to the other, thus (abcd) = (beda). 


(2) Two or more substitutions may be applied successively. This is 
indicated as follows, the order of operations being from right to left. 
Let S = (ab), T = (bc), then 
STabcd = Sacbd =bcad, and TSabcd = Tbacd = cabd. 


me s(t), s(t), 


This process is called multiplication of substitutions, and the resulting 
substitution is called the product. 

Multiplication of this kind is not necessarily commutative, but af the 
substitutions have no common letter, it is commutative. 

The operation indicated by (ab)(ab), in which (ab) is performed twice, 
produces no change in the order of the letters, and is called an identical 
substitution. 


Also a substitution such as ( bed 
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(3) Any substitution ts cyclic, or ts the product of two or more cyclic sub- 
stitutions which have no common element. 
As an instance, consider the substitution 
ge ( ee) . 
chfbgaedk 


Here a is changed to c, c to f, f to a, thus completing the cycle (acf). 
Also b is changed to h, h to d, d to b, making the cycle (bhd). Next, e is 
changed to g and g to e, giving the cycle (eg). The element k is unchanged, 
and we write 

S = (acf)(bhd)(eg)(k) or S = (acf)(bhd) (eg). 

This expression for S is unique, and the order of the factors is indif- 
ferent. Moreover, the method applies universally, for in effecting any 
substitution we must arrive at a stage where some letter is replaced by the 
first, thus completing a cycle. The same argument applies to the set of 
letters not contained in this cycle. 


(4) A cyclic substitution of n elements is the product of n — 1 transpositions. 
For (abc) = (ab) (bc), (abcd) = (abc) (ed) = (ab) (bc) (cd), 
(abcde) = (abcd) (de) = (ab) (bc) (cd) (de), and so on. 
We also have equalities such as 
(ae) (ad) (ac) (ab) = (abede), (ab) (ac) (ad) (ae) = (edcba). 


(5) A substitution which deranges n letters and which is the product of r 
cycles is equivalent to n -r transpositions. 


This follows at once from (3) and (4). Thusif S -( eae ks P 


chf bgaed/ ’ 
then S = (acf ) (bhd) (eg) = (ac) (cf) (bh) (hd) (eg). 

If we introduce the product (ab)(ab), S is unaltered and the number of 
transpositions is increased by 2. 

Thus, if a given substitution is equivalent to 7 transpositions, the 
number 7 ts not unique. We shall prove that 


j=n—7r+28 where s is a positwe integer or zero. 


This is a very important theorem, and to prove it we introduce the 
notion of ‘ inversions.’ 


(6) Taking the elements a, b, c, d, e, choose some arrangement, as abcde, 
and call it the normal arrangement. 

Consider the arrangement bdeac. Here b precedes a, but follows it in 
the normal arrangement. On this account we say that the pair ba con- 
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stitutes an inversion. Thus bdeac contains five inversions, namely, 
ba, da, dc, ea, e. 


Theorem 1. If i is the number of inversions which are introduced or 
removed by a substitution which is equivalent to j transpositions, then i and j 
are both even or both odd. 

For consider the effect of a single transposition (fg). 

If f, g are consecutive elements, the transposition (fg) does not alter the 
position of f or of g relative to the other elements. It therefore introduces 
or removes a single inversion due to the interchange of f, g. 

If f, g are separated by n elements p, q, r,... x, then f can be moved to 
the place occupied by g by n+1 interchanges 


of consecutive elements, and then g can be vee [P] oe LJ vee 
moved to the place originally occupied by f by vee PY <.. LG... 
n such interchanges. (The steps are shown in ++ GPQ ... tf ... 


the margin.) 

Thus the transposition (fg) can be effected by 2n+1 interchanges of 
consecutive elements. Therefore any transposition introduces or removes 
an odd number of inversions, and the theorem follows. 

Again, for a given substitution, 2 is a fixed number, and therefore what- 
ever value 7 may have, it must be even or odd, according as 7 is even or 
odd. Hence the following. 


Theorem 2. If one arrangement A of a given set of elements is changed 
into another B by 9 transpositions, then j is always even or always odd. 
In other words : 


The number of transpositions which are equivalent to a given substitution 
is not unique, but is always even or always odd. 

Referring to (5), the minimum value of 7 is n—r, and so we have the 
theorem stated at the end of that section. : 

Thus substitutions may be divided into two distinct classes. We say 
that a substitution ts even or odd according as it is equivalent to an even or 
an odd number of transpositions. 

Rule. To determine the class of a substitution S we may express it as 
the product of cycles, and count the number of cycles with an even number 
of elements: then S is even or odd according as this number is even or 
odd. 

Or we can settle the question by counting the number of inversions, but 
this generally takes longer. 

Thus we see at once that the substitution in (5) is odd. Also it has 17 
inversions. 
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È EXERCISE VI 
SYMMETRIC AND CYCLIC FUNCTIONS 
1. Show that (bc —ad)(ca — bd) (ab — cd) is symmetric with regard to a, b, c, d. 


2. Show that the following expressions are cyclic with regard to a, b, c, d, 
taken in this order : 


(i) (a-b+c-d)*; (ii) (a-b)(c-d)+(b-c)(d-a). 

Expand the expressions in Exx. 3, 4. 

3. (y +2- 2x)(z +x -— 2y) (x +y — 22). 

4, (x+y +2) +(y+z-x)+(z+x-y}+(x+y-zy. 
Prove the identities in Exx. 5-14. 

5, (By? + ya? + ah?) (a+ B+ y) =L038? + aBydLaB. 

6. (a — B)(a—- y)+(B — y)(B— a) +(y —«)(y — B) =a? - La. 

7. (B-y)(B+y~«)+(y~a)(y+a—B)+(«-B)(a+B-y)=0. 

8. alB- y)?+ Bly -a)?+ yla- p)? =Z? - 6aBy. 

9. (By + By? + y2a + ya? + aß + aß?) la+ B+ y) =La + 22k? + 2aePyLia. 
10. a3(b+c)+63(c+a)+c?(a +6) +abc(a+b+c)=La? . Lab. 
11. (a+b —c)(a? +b? —c?)+(b+c —a)(b? +c? —a?)+(c+a—b)(c? +a? — b?) 

=3La3 — Lab. 
12. (a? +b? +c?) (a? + y? 4+ 27) =(ax + by + cz)? + (bz — cy)? + (cx — az)? + (ay — bx). 
13. (b? — ca) (c? — ab) + (c? — ab) (a? — bc) + (a? — bc) (b? — ca) 
= — (bc +ca +ab) (a? +b? +c? -be — ca — ab). 

14. (a? - be) (b? — ca) (c? — ab) =abe (a? +b? + c?) — (3c? + c'a? +a?b?). 


15. If one of the numbers a, b, c is the geometric mean between the other two, 
use Ex. 14 to show that 
b3c3 + c'a? + ab? =abc (a? +b? + c?). 
16. If the numbers z, y, z, taken in some order or other, form an arithmetical 
progression, use Ex. 3 to show that 
2(x +y +z)? +27xyz=9(x +y +z) (yz +2zx + zxy). 
17. (i) Express 2(a -b)(a —-c)+2(b -c)(b-a)+2(c-a)(c-b) as the sum of 
three squares. 
(ii) Hence show that (b—c)(c-—a)+(c—a)(a—6)+(a—b)(b—c) is negative for 
all real values of a, b, c, except when a=b=c. 
[Put b -c =x, c -a =y, a —b =z, and notice that 
X? +Y? +22 +yz + 2zx + 2xy =(x +y +z) =0.] 
18. If z+y+z=0, show that 
(i) 2yz =x" - y? -2?; 
(il) (y? +2? — x?) (2? + x? — y?) (x? + y? — 2?) + 8z?y?z?=0 ; 
(iii) ax? + by? + cz? + 2fyz + 2gzx +2hxy can be expressed in the form 
pz? +qy?+r2z?; and find p, q, r in terms of a, b, c, f, g, h. 
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Prove the identities in Exx. 19-23, where La, &aß, etc., denote symmetric 
functions of «, B, y, 5: also verify each by putting «=B=y=6=1. 


19. (x+ B +y +8) (a? +B? +y? + 8?) =La + Lak. 

20. (x+ B+y+5)(PyS+ ysa + saß + aPy) =La By +4aßyð. 
21. (Byd + yda+ Sap + apy)? =La*B*y? + 2aBydLaB. 

22. (aBt+ay+a5+ By + BS + y8) =La? + 2Da*By + 6aByd. 
23. Lap. La By =Lia2B*y + 3apydQa. 


Simplify the expressions in Exx. 24-28. 
24. (6-1+¢—)(b+c—a)+(c4+ a) (c+a—b) +(a-1 +b) (a +b —C). 
(x—-b)(x-c) (%-c)(x-a) (x-—a)(x—b) 

(a—b)(a—c) | (b-c)(b-a)  (c—a)(c—b) 

b?+c?-a? = c#+a?-—6? ` a?+b?-c? 
(a—b)(a—c) (b-ob a) (cacb) 

b-c c-a a-b a(b-c) b(c-a) c(a-b) b) 
I+be Itea l+ab' 28. 


25. 


26. 


27. 


end 


1+6c l+ca  1l+ab_ 


Factorise the expressions in Exx. 29-35. 


29. (b —c)?(b+c — 2a) + (c-a)? (c +a — 2b) + (a -b} (a +b — 2c). 
[Put b -c =x, c -a =y, a — b =z, noting that b +c -2a =y —z.] 


30. (b -c)(b +c- 2a)? + (c-a) (c +a — 2b)? + (a —b)(a +b- 20)? 


31. (b-—c)(b+c—a)?+(c—a)(c+a—b)§+(a—-b)(a+b—c). 
[Put 6+c-a=2,c+a-b=y, a+b-c=z.] 


32. 8(a+6+c)§ - (b+c) —(c+a)* — (a+ 6)’. 
[Put b+c=2, c+a =y, a+b=z.] 


33. (a+b+c)§-(b+c-a)? tea sb)t aoe 


34. (a+b)? (a+c)? (b —c)+(b6+c)?(b+a)*(c —a) +(c+a)?(c +b} (a —b). 
[Put b+c=2,c+a=y, a+b=z.] 


35. (1 —a2)(1 —b2)(1 —c*) + (a —bc)(b —ca)(c —ab). 


36. Express the following substitutions as the product of transpositions : 


(2) a uy (125 sii Ten] 
(i) | 654321 246135/ ° 641235 


CHAPTER V 
COMPLEX NUMBERS 


1. Preliminary. In order that the operation of taking the square 
root of a number may be always possible, we extend the number system 
so as to include numbers of a new class known as imaginary numbers. 

Consider the equation 


z? —27+5=0. 
Proceeding in the usual way, we obtain the formal solution, 
w=1+V-4, or s=1 Oy a1: 
which at present has no meaning. 
Suppose the symbol ı to possess the following properties : 


(i) It combines with itself and with real numbers according to the laws of 
algebra. 
(11) We may substitute ( — 1) for °, wherever this occurs. 


The reader can verify for himself that (at any rate so far as addition, 
subtraction, multiplication and division are concerned) reckoning. under 
these rules will not lead to results which are mutually inconsistent. 


Ex. 1. Show that if x=1 +2., then z? -27+5=0. 
We have L =l +h tte =l Hke -Al -34+41; 
<. X? -2x +5= -3+4 -2(1+21)+5=0. 


Immediate consequences of the supposition are 


(i) (x+y) +(x +y) =(£+r)+ily +y’). 
(ii) (x + by) ~ (x + ty’) =(u-2') + e(y—y’). 
(iii) (x+ cy) (x + ey’) =xx' — yy’ + (zy + ry). 


E a O U 5 A, 
DH (HYE) wry? ty 


This reckoning is at present meaningless, and can only be justified by 
an extension of the number system. 
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2. A Complex Number is represented by an expression of the form 
x+y, where z, y are real numbers. The sign + does not indicate addition 
as hitherto understood, nor does the symbol t (at present) denote a number. 
These things are parts of the scheme used to express numbers of a new 
class, and they signify that the pair of real numbers (zx, y) are united to form 
a single complex number. 

The complex number z+ 20 is to be regarded as identical with the real 


number æ, and we write POS, E E E S E (A) 


and in particular 0+:0=0. 


Thus the system of complex numbers includes all the real numbers, 
together with new numbers which are said to be tmaginary. 
For shortness we write ea ae re ee (C) 


and in particular O+el=e, 


so that as an abbreviation for 0+ ıl, the symbol « denotes a complex number. 
Thus ¢wo real numbers are required to express a single complex number. 
This may be compared with the fact that two whole numbers are required 
to express a fraction. 
In order that expressions of the form x + iy may be regarded as denoting 
numbers, we have to say what is meant by ‘ equality ’ and to define the 
fundamental operations. 


3. Definition of Equality. We say that 
x +ıy=7x + cy’ if and only if v=x and y=y’. 
In applying this definition, we are said to equate real and imaginary parts. 


It should be noticed that the terms ‘greater than’ and ‘less than’ -have 
no significance in connection with imaginary numbers. 


4. The Fundamental Operations. In defining these we are guided 
by the formal reckoning of Art. 1, and the equations (i)-(iv) are taken 
as defining addition, subtraction, multiplication and division. 


5. Addition. The sum of the complex numbers z+ ty and 2’ + ty’ is 
defined as 
(r+a)+elyt+y’), 
and we write 
(a+ cy) + (x + ey’) =(LF BD) UY ty) oseese (E) 
It follows that 
D+ by =(T+ 10) + (OF LY), ..rcecrcccccescececcccees (F) 


so that x + cy is the sum of the numbers denoted by z and ty. 
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6. Subtraction is defined by the equation 
(a+ ey) — (x + ey’) =(= a’) FEY HY’). oee, (G) 


Hence subtraction is the inverse of addition, for x—xz'+t(y—y’) is the 
number to which, if 2’ + ey’ is added, the result is z + ty. 
The meaning of — (x + ty) is defined by the equation 


— (x + iy) = (0 + 10) — (x + Ly). 


Hence —(x+ey)=(0O-—2) + e(0—y) =(—2) +i y) s (H) 
In particular, putting z=0, we have 
AEEY r a (I) 


7. Multiplication is defined by the equation 
(a+ ty) (£ +y) =x -yy + e(cy HEY) ooeec (J) 


It follows that multiplication is commutative. 
Putting x’=k, y’=0 in the last equation, we see that if k is a real 
number, 


(a+ ey)k=ak + eyk=K(LA LY). oee (K) 
Again, if we put x=z’ =0 and y=y’ =1, we have 
(0+l1}= -1 or Pad. waccatanisincetanteteuas (L) 


8. Division is the inverse of multiplication, that is to say, the 


equations 
r+ Ly 


T +y 


=X+ıY and (X+cY)(2'+1y')=x+Ly 


, 


mean the same thing. From the last equation we have 
Ax’ — Yy' +i(Xy + Yr')=x+ ey. 
Equating real and imaginary parts, we have 
Xr — Yy =x and Xy + Yr =y. 


Therefore se , aso s 
a2 +y getty 
unless x’ and y’ are both zero. Thus the equation defining division is 


atiy aa’ +yy’ Yr —ay’ Mu 
x’ + iy ay’? +y’? a2 +y? 9 eesossocooovocvooooooo ( ) 


excepting the case in which x’ + ty’ =0. 
Putting x’ =k, y’ =0, we see that if k is a real number different from zero, 


1 £ Y 
z(etiyj=7tea. iiuliwarciasste be Gian eereeweeuens (N) 
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It is easy to see that addition, subtraction, multiplication and division 
(as defined above) are subject to the same laws as the corresponding opera- 
tions for real numbers. 

We have therefore justified, and attached a definite meaning to, the process 
of reckoning described in Art. 1. 


9. Zero Products. For complex, as for real numbers, ¿f a product 

is zero, then one of the factors of the product is zero. For let: 
(x + ey) (x + ty’) =0, 
where z, Y, zx’, y' are real numbers. Then 
xx’ — yy’ +e(xy' +2'y) =0. 
Hence, by the rule of equality, 
ae’ —yy’=0 and zy’ +r'y=0; 
_ x(x? +y°?)=0 and y(r?+y°?)=0. 
If z’? +y’? is not zero, it follows that x=0, y =0, and therefore x + iy =0. 


If z’? +y? =0, then, since z’, y’ are real they must both vanish, and 
therefore x’ +.y’=0. 


10. Examples. 
Ex. 1. Express (1 +2t)?/(2 +)? in the form X +Y. 
(1+2c)? 1440-4 -34+41 (-3440)(3-40). 
(2+2)? 4+4¢-1 3+4 (3+4)(3-41) ’ 
-9 +16 +244 7 24 


9+16 25 25° 


.. the expression = 


Ex. 2. Solve the equation x? =1. 


The equation can be written (v-1)(z?7+2+1)=0, giving z=1 or 27+2+1=0. 
If x? +x +1=0, we have in the usual way 


2=$(-1+V—3)=4/(-1 +403). 
Hence the numbers 1, $( — 1 +143) are called the three cube roots of unity. 
Ex.3. Verify that 4( —1+6/3) is a root of 23 =1. 
Denoting the given number by w, we have 


w? = ${ -1 +33 — 3 (4/3)? + (4/3)3} = $ ( —1+34/3 +9 - 34/3) = 1. 


11. Geometrical Representation of Complex Numbers. 

(1) In naming line-segments and angles the order of the letters will 
denote the direction of measurement. Thus AB denotes the distance 
travelled by a point in moving from A to B, and we write 


AB+BA=0, and BA=-AB. 
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Again, we use ‘2 BAC’ to denote the least angle through which AB 
must turn in order that it may lie along AC. 
Thus .CAB= — 2 BAC, and we shall suppose that 


-n< L BACO XT. 


(2) If z=x+ıy, we say that the number z is represented by the point 
whose coordinates referred to rectangular axes are x, y. 
When there is no risk of confusion, this will be called the point z. 


A diagram showing points which represent 
complex numbers is called an Argand 
diagram. 


Let (r, 0) be the polar coordinates of the 
point z, then 


z=x2+iy=r(cos 8+ sin 8), 


where x=r cos l, y=rsin ð, 


Fra. 2. 


and hence r=,/(z?+y"), tan@=y/z. 
Here r, which is essentially positive, is called the modulus of z and is 
denoted by |z| or by modz. Thus 
mod z=]|z| =r =J (2 +4?). 
It follows that if | z | =0 then x =0, y =0, and consequently z =0. 


The angle @ is called the amplitude of z, and is denoted by amz. This 
angle has infinitely many values differing by multiples of 27. The value 
of 6 such that 

—-nr<0<nr 
is called the principal value of the amplitude. 

With the convention of § (1), it will be seen that the principal value of 
amzis £XOz. 

Unless otherwise stated, amz will mean the principal value of the 
amplitude of z. 


12. Addition and Subtraction. 

(1) Let 3 z=a+ey, z =x +y. Draw the 
parallelogram Ozsz’, then s represents z +2’. 

For if (X, Y) are the coordinates of s, 
then A =sum of projections of Oz, zs on OX 


=sum of projections of Oz, Oz’ on OX 


Fie. 3. 


=g +x. 
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Similarly Y=y+y’, therefore s represents z+z’. It is to be observed 
that 
|z+2'|=the length Os, and am(z+z2’)= 2XOs. 


Now Os<Oz+Oz’', the sign of equality ocourring if 2 XOz= 4 XO2’ 
1e.i1famz=amz’. Therefore 


|e+z |<|z|+ļ|z |. 
To prove this algebraically, we have to show that 
Veta Pty ty ay) + (2? +y™), 
where each root is to have its positive value. This will be the case if 


(x+a’)2?+(yt+y' Patt y2+a'% 4 y'2+ 2N (a? +4?) (x? + y"2), 


i.e. if we’ + yy’ <N (a? + y) (x +"), 
or if (xx + yy’)? < (2? +y?) (x? +y”), 
or if (xy’ — x'y)? >0, which is the case. 


(2) Draw the parallelogram Oz'zd (Fig. 4), Y 
then d represents z—2’. 
For, by the last construction, the number 
represented by d+z' =z. 
Observe that 
|z—z2'| =the length 2'z, 
and am (z—2’)= 2 XOd. Fia. 4. 


(3) If 8, =2,+2%+...+2n, where Zi, Zo, ... 2, are given complex numbers, 
it is required to find the point sy. 


Fig. 5. 


Draw in succession 2,89, 8983, S384, ... equal to, parallel to, and in the same 
sense as 0z,, O25, Oz, ... , then Sa, 85, ... are the points representing z, +2, 
Zı + Za +23, etc. 

This is a continued application of the first construction of this article. 
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(4) The modulus of the sum of any number of complex numbers is less than 
or equal to the sum of the moduli of the numbers. 
For in the last figure, the moduli of 2,, Zə 23,... are the lengths 
Ozi, 2,89, S283, ... , and that of s, is Os,. Also 
08 y<O2, + 289 + S383 +... +8pn_ySn- 
Therefore | sy | <]z,] +] 22] +... +] EAE 


Note. The sign of equality is to be taken if, and only if, che points O, 23, 32 ... Sp 
are in the same straight line and occur in this order, that is, if 2, %, ... 2, have the 
same amplitude. 


To prove this algebraically, we have by (1) of this article, 


| Saf S| Sn] + er <| Sn-2| + nA +| zajo 


and so on. 


13. Products and Quotients. 
(1) Let z=%+ıy =r(cos0+ sin ð), 
z' =x +y’ =r (cos 0 + sin 6’). 
By the definition of multiplication, 
zz =a’ — yy’ + i(zy' + yz’) 
= rr’ {cos 6 cos 6’ — sin 6 sin 6’ + (cos 6 sin 6’ + cos 6’ sin 6)} ; 
*, zz =rr {cos (04+ 8’) + sin (04-0')}. oo. ccccccccccscoererervecvoscseenennee (A) 

Since division is the inverse of multiplication, 


== 5 {cos (0— 6’) + isin (0-0) aessa (B) 


For this last is the number which when multiplied by z’ produces z. Hence 
also 


: * {008 (~ 8) + t sin (—8)}== (cos 8 — esin 0). MIENE AR (C) 
If Z=% + LY, =7,(cos 8, + sin 0,), 


with similar notation for 2, 23, ... Z,, by continued application of equation 
(A) we have 


ZiZa.. Zn =T; -.. Ty {COs (8, +O, +... +9,) +esin (0,+6,+...+6,)}. ...(D) 
In (D) put 2,=2,=...=2,=2=7r(cos@+ sin 0), then 
z” =r” (cos MO + ESIN nÂ), ...cceccecscsscccencscecses (E) 


where n is any positive integer. 
Similarly, from (C) it follows that 


2" =r n (cos nÂ — i sin nÂ). eessesssesessosereeees (F) 
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Ex.1. Show that tan- 1 ts nearly equal to ig : 


5 
We have (5 +1) =N 26 (cos ĝ +1 sin 0), where tan ĝ0=1/5, 
and therefore (5 +1) =676 (cos 40 +1 sin 49), by (E). 
But (5 +4)* = (24 + 101)? =476 + 4802; hence we have 


cos 49 = 476/676, sin 40= 480/676, and tan 49=1, nearly. 
*, 40=7/4 approximately. 


(2) Modulus and Amplitude. From (D) we see that if Z is the product 
of the complex numbers 2,, Za, ... ; Zn; 


eA oe E ees ee ee Bn E E ee et (G) 
and am Z=6,+0,+...+8,=am 2,+aM %+...+A8M2,3 ecco (H) 
but note that the last equation does not give the principal value of am Z 
unless —7<0,+0,4+...+0, <7. 
Again, from (B) we have 
s -5-(51. ENET AT ee eee: (I) 
and am—=§-6'=amz-amz’, PAPE A E sedan (J) 


although the last equation does not give the principal value of am2z/z’ 
unless T _2t<0-0' T 


It is important to notice that the amplitude of z/z’ is the angle 
through which Oz’ must be turned in order that it may lie along Oz; 
and that, with the convention of Art. 11, (1), 


a 


the principal value of am s = L2'O0z. 


Again, if z, a, a’ are any numbers, 


z—a | the length az 
z—a' | the length a'z’ 
d Z-a ; 
an am = Laza. Fic. 6. 


(3) De Moivre’s Theorem. From (E) and (F) it follows that if n is a 
positive or negative integer 
(cos 0 + ı sin 0)” =cos nð + isin nð. 


This, with an extension to be given later (Art. 16), is known as De Moivre’s 


Theorem. 


E B.C.A. 
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14. Conjugate Numbers. (1) Jf z=x+ıy and 2’=2x- ty, then 
z, z' are called conjugate numbers. 

Their product is z*+y?, and if r, 6 are the 
polar coordinates of the point z, those of the 
point z’ are r, —@. Hence 


Jot+uyl=r=/ (a +y*)=|2-1y|, 
am (x+y) =8= —am (zx — Ly). 


(2) If f(z) is a polynomial in z with real 
coeficients, and f(z)=f(x+ty)=X+tY, where Daeg 
X, Y are real, then f(u-—ty)=X -tY. — 

We have f(x +ty) =a, +a,(x+ey)+a,(u+ cy)? +... where do, @,,... are 
real, 

We can therefore obtain expansions of the form 


f(z + iy)= Zas” (iy)", f(x- vy) = Lax™( — y)", 
where every a is real and m, n are positive integers or zero. 
Every term of f(x + cy) in which n is even or zero is real, and occurs with 
the same sign in f(x -— y). 
Every term of f(x +y) in which n is odd is imaginary, and occurs with 
the opposite sign in f(x — y). 
Hence the result follows. 


(3) If an equation with real coefficients has complex roots, then these occur 
in conjugate pairs. 

Let x +1 be a root of f(x)=0, where a, B, as well as the coefficients of 
the polynomial f(z), are real. 

Let f(«+4B)=A+.1B, where A, B are real. Since f(«+18)=0, we have 
A=0, B=0. Hence 

fla —1B)=.1 - iB =0. 
Therefore « — 1B is also a root of f(r) =0. 


EXERCISE VII 
COMPLEX NUMBERS 
1. Find the modulus and amplitude of V3 +4, /3-t, —J/3+t, —/3—14. 
2. The condition that (a + b)/(a’ + 1b’) may be real is ab’ —a’b=0. 
3. Find z so that z2(3 +14)=2 +3.. 
4. Express in the form X +Y, 
(i) srk as (1-0) oo ; (ii) l Toos ii sin ĝ) ` 
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5. If z=x +y, express in the form X+:1Y 
ae | z+1 
(i) æ; (i)z; (ill) -—  - 
Find the moduli of (i) (2+ 32)2(3 —42)8; (ii) (2+. 3e)?/(3 +41). 


7. What is the principal value of the amplitude of (cos 50° + ¢ sin 50°)* ? 


2 


oo 


. (i) If |z|=|2’ |=] and amz = -—am 2’, then ae 
(ii) If |z|=|2’| and amz, amz’ differ by r, then z= ~z. ° 
9. Let z=2+0cy where x, y are variables. Prove that 
(i) if 2|z-1|=|z-2]|, then 3(z?+y?)=42; 
(ii) if |2z-1l|=|z-2]|, then 2?+y?=]. 
Thus, in either case, the point z describes a circle. 
10. Prove that | 2+2' |?+| z-z |= 2|2|?4+2| 2’ |*. 
11. Prove that | 2zcosa+z*|<1 if |z|<0O-4l. 
[Let |z|=r, then | 2z cosa+2?|<2|zcosa|+|2|*<2rtri<1 if 
r24-2r-1<0.] a 
12. Ifz=x+ıy and Z=X +Y, show that 


2 — . 
(i) if2=5 cheng E a T 


Z+1 (X+1)?+ ¥2 
a) fg (Zt) nopeaa eee 
(ii) if z= Zi , then z? +y? -x= XIF? 


13. Given that 1+2: is one root of the equation, xt- 3r? + 8x? -7x +5=0, 
find the other three roots. qz 


14. From the formula cos nô + ¢ sin n@ =(cos 0 + ı sin 0)”, where n is a positive 
integer, deduce that 


cos 29 = 908" 0 — C% cos"-? 0 sin? 0 +C% cos™—t 0 sint 0 -—..., 
sin nô =C? cos*—? 6 sin 9 -C3 cos”? 0 sin? 0+... 
CÌ tan 0-03 tan? 6+.. 
1—C® tan? 0+0? tant @—... 
15. By putting z=r (cos 0 + sin @) in the identity 
L+z+274+...+2%-t=(1 -—2")/(1 -2z), 


' tanni -: 


/ 


prove that 
A A i cos 20+...+7r"—! cos (n — 1)0 


_l- —r cos ĝ — r” cos nô +7r"*! cos (n — De 
| l — 2r cos 0 +r? 
rsin 0 +r? sin 20+... +r”! sin (n -1)0 * 


_rsin b- r” sin n +7%*? sin (n — 1)0 
l -2r cos 0 +r? 
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16. If z=cos 0 +: sin 0 and n is a positive integer, prove that 
z?4+2"—2cosn6é, 2*-2-"=2: sin nb. 
Hence show that 
2"—} cos” 0 =cos nO + Cf cos (n -2)0 +0% cos(n—4)0+..., 


and if n is even 


n 
( — 1)2 20-1 sin” 0 = cos nO — Cf cos (n — 2)0+C cos (n-4)0—..., 
and if n is odd 


n-1 


(—1) 2 2"-1 gin” 0 =sin nO — CT sin (n -2)0 +C} sin (n—4)0-.... 

[(2 +271) =n 42-84 CF (20-24 2-("-2)) +... ; similarly for (z —271)".] 
17. By the method of Ex. 16, prove that 
16 cos? ĝ sin? 6= — cos 50 — cos 30 + 2 cos @. 


a 


18. If cos «+cos 8+ cos y=0 and sina+sin 8 +sin y=0, prove that 
cos 3a + cos 38 + cos 3y =3 cos (a + B+ y) 
and sin 3a + sin 38 + sin 3y =3 sin (x +8 +y). 


[Put a=cos a +4 sin «&, b=cos 8 +1sin $, c=cos y +t sin y, then a+b+c=0 
and a? + 6? +c? =3abc, etc. ] 


9) From the identity 
a(x —-b)(x-c) „„(x-c)(x-a) (x-a)(x-b)_ 
*'(a=b)(a—e)*” (6-0) (b-a)*° (e-a) (e-b) 
deduce the identities 


sin (0 — p) sin (6 — y) 


vee bees = 008 48, 
Coe) sin (a — B) sin (æ — y) = sae 
sin 2(0-+a) wl A) ain (8 - y) +... sein 48. 


sin (æ — B) sin (x =y) 7" 
[Put x=cos 20 + ı sin 20, a = cos 2a + ı sin 2a, etc.] 


15. Roots of Complex Numbers. (1) If n is a positive integer, 
any number whose nth power is equal to z is called an n-th root of z. 
Let z=r (cos 0+ sin 0), 


where r>0 and —17<@<m. Let }/r denote the positive arithmetical nth 
root of r. Consider the values of 


n l 0+2kr  . 0+ =| 

u= r { COS +esin ; 
n n 

where k is any integer or zero. By Art. 13 we have 


u” =r {cos (0 + 2kr) + ı sin (0 +2kr)}} =z; 
from which it follows that u is an nth root of z. 
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Again, two values of u will be equal if, and only if, the corresponding 
angles have the same sine and cosine. That this may be the case, the 
angles must differ by a multiple of 27, and the corresponding values of & 
must differ by a multiple of n. Therefore u has n distinct values, namely 
those given by 

k=0,1,2,...,2-1. 
Thus the n-th roots of z=r(cos 0 + + sin 0) are the values of 


Nr (cos +20" «sin “+ *7) where k=0, 1, 2,..., n—-1. 


If -7<@<7m, then f/r. f cos +esin d is called the principal 
i ln nf 
value of }/z. 


(2) To find the points representing the n values of X/z, we must be able to 
find the length represented by 2/r 
and to divide the angle @ into SZ 
n equal parts. 


Q2 
Ex. 1l. Find the points Q;, Qz & 


representing the values of z, 


where Z2=/5 +13. 
Here Oz=r=N54+3=,/8 2⁄2 X 
and tan XOz=tan 0 =43/v5. 


Also 2/r=./2, and so Q, Qs, Q, are 
points on the circle with centre O and a) 
radius ./2, such that : 


L XOQ, =6/3, £ Q,0Q,=2 Q,0Q3 = 27/3. 


Fra. 8. 


16. General Form of De Moivre’s Theorem. [f z is rational, 
then cos 20 +1 sin xô is one of the values of (cos 8+ 4 sin 0)”. : 

The case in which z is a positive or negative integer has been considered 
in Art. 13. 

Let «= p/q where p, q are integers and g is positive, then since 


(cos 6/¢ + ı sin 6/q)* = cos 8+ ¢ sin 8, 
therefore 1 
cos 8/qg+cesin6/q isa value of (cos@+ zsin 6)?; 


also, since p is an integer, 


(cos 6/q + ¢ sin 6/¢)? =cos p6/q + ¢ sin p6/q ; 
therefore p 
cos pô/q + ı sin p6/qg is a value of (cos 0+: sin ð) . 
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17. The n-th Roots of Unity. In Art. 15, let r=1 and @=0, 
then since cos O ++ sin O=1, the n-th roots of unity are the values of 


oos ET + asin eZ where k=0, 1, 2,... n—1. 


The principal n-th root, given by k=0, is 1. 

If n is even, the root —1 is given by k=$n. 

Since z” —~1=(x—1)(z"-!+2"-2 +... +1), it follows that if œ is any root, 
other than 1, of <*—1=0, then 


atl gre tae +1=0. 


18. The n-th Roots of (—1). These are the values of 
Os Cee sin Can where k=O, 1, 2,... n—1. 

This follows itoni Art. 15 by putting r=1, @=7. 

The principal n-th root of ( — 1) is cos = +1 sin = , corresponding to k=0. 

If n is odd, the root (—1) is given by k=}(n—-1). 


19. Factors of x”-1 and x"+1. 
(1) The n factors of x" — 1 are 
x — {cos 2ra/n + sin 2rr/n} where r=0, 1, 2,...n—1. 
This follows from Art. 15. 
1) If n is even, the factors x-1 ind x+1 are given by r=0, r=n/2. 
The remaining (n — 2) factors can be grouped in pairs as follows : 


Since 2ra/n+2(n—r)a/n=27, the factors corresponding to r and 
n -—r are 


z- feos Z ar | f 2r Tr f rT \ 
= + esin A and z- cos —— —4 sin 
loon J l rie 
And the product of these is 
2 

(cos!) + sin Ca E aa 

: n n n 
therefore 

a -1=(z-1)(z+1) IH" (22-22008741), T (A) 


where {7 denotes the product of the factors as indicated. 


(ii) Zf n is odd, the factor x-1 is given by r=0. The remaining n-1 
factors can be grouped in pairs, and 


z” —J=(x—1) (772i V (2? - 22,008" +1). PA (B) 


CUBE ROOTS OF UNITY 65 


(2) Similarly, the n factors of z” +1 are 
x — {cos (2r + 1)a/n+e sin (2r +1)r/n}, where ’r=0, 1, 2, ...(n—1). 


(1) If n is even 


g” + l= Ta?) (a? 2 cos EDT 41). ETY (C) 
(ii) If n is odd, 
ett l= (z+) Z (22-22 cos THT 41). TEET (D) 


20. The Imaginary Cube Roots of Unity. These are the roots 
of z2+2+1=0. Their actual values are 


cos = + l sin or $(—1-+4,/3). 


Denoting either of these by w, the other is w*, for (w?) = (%3)? =1. 


Moreover, 
Irora a ications wendeess (A) 


Again, except when r is a multiple of 3, w” and w?” are the imaginary 
cube roots of 1, and so 


Me SO AT (B) 
The following identities are important. 
x — y® = (x — y)(%— wy) (x — wry), cesses (C) 
L +Y’ = (x+y) (UH wy) (E+ WY), Leeeccccccseccccseeees (D) 
£? +Y +27 — yz — zg — ry = (£+ wy + wz) (+ wy + wz). onn. (E) 
L? +Y? + 23 — Bayz =(x +Y +z) (2+ wy + wz) (T+ wy t+ wz). aae. (F) 


Ex. 1. Prove that (x +43 +23 — 3xyz)? = X? + Y? +23 -3XYZ, where 
X =x? +2yz, Y =y? +2zx, Z =2 + 2xy. 
This follows from (F) on observing that 
(x +wy tw?) =X +Y twl, (xz+w?y +w) =X +wY +wiZ 
and (x +y+2z)}=X+Y+Z. 


Ex. 2. If (L +x) =c +e, +cqx? +... +¢,2" and 
S,=Co tla tCgt..-y Ka =C H tC te, Sg=CgtCytegt..., 
each of the series being continued as far as possible, show that the values of Si, Sz Ss 


are Gs +2 cos =) , where r=n, n —2, n+2, respectively. 


3 
Putting 1, w, w? for x, in succession, 
CU eT) ty eg aa e wa a gy: gd caaetna ved TAT (A) 
(1 +w) =o tew t. re (B) 


(1 +w?) =o tew? +... Hew + 0. HCO oeesneseseesserersesesee (C) 
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If r is not a multiple of 3, 1+w"+w?”=0; hence, adding (A), (B), (C) together, 


we have 3(Cg +C +C t+...) =2%+(1 +e)" + (1 +’). 
2r 2r T i z) 
Now l+w= =] +cos-y +¢sin > 3 J =2c08 5 ( cosg +sin 5 ’ 
and, since cos5 =$, we have 1 +tw=c08 3 +esin 3 5 
3 (1+w)"=cos J +esin Se 
. Mt 
Also 1+a?=1 +008 tein, and (l +e" =cos = -tsin =. 


*, 3B(Co +C +0, +...) =2% +2 cos S. 


Again, multiply (B) by w?, (C) by w, and add to (A); then 
3 (ca +e +e +...) = 2P Hw (l Hw) wll Hw). 


2yr . 2r nT . nr 
2 N s me peti ae, 
Also w (l +w) =( cos 3 t sin = )( cos 3 +ésin 7) 
__ (n-2)r . (n-2)r 
see sae li +é¢sin 3 > 
and w(l +cat" oos CTET _, in ©, 
-2 
e 3(cite te +...) = =N 42 cos C y by 


Finally, multiply (B) by w, (C) by w°, and add to (A); it will be found that 


3(Cg+Cs +C +...) =2%+2 cos ae 


EXERCISE VIII 
COMPLEX ROOTS 


1. Prove that the values of 4’ -1 are +75 (l +t). 
2. Find the values of ./(1+:) and /(1- M 
3. Use Art. 19 to show that 

zt +l=(x? -— v2 + 1)(x?+V2x +1), 

xt- l=(x- 1) (21+ 2x cos 4 1) (2 2x cos = + 1). 
4, Prove that 

xè — 1 =(%—1){2*+3(/5+1)2+)} {22-3 (5-124). 
[xt + r + 229444 L=2*{ (24271324 (244271) -]} 

=g" (x ' 271 —a)(x +17! - B), 
where q, B are the roots of 24+2-1=0.] 
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5. Give a geometrical construction to find the points z,, z, corresponding to 
the values of y2. 
[If O1 is the unit of length, Oz, bisects the angle XOz, and is a mean proportional 
to Ol and Oz; and z, is on z,0 produced, so that Oz, =2,0.] 


6. If a, b are complex numbers, show that 
|a+NVa?—b8 | +] a—Va?-b? |=|a+b]+|a-b]. 
[Let z, =a +a? — 6%, z,=a — Va? — 5%, then 7 Exercise VII, Ex. 10, 
|21 |+] 231*= $ |21 tza |? +3 | 21-2 P=2] a |?+2 |a- ]; 
. a teeta p+ |o—0 441615 
={|a+b |?+2|/a+6|.,;a-b|+[a-6 |} 
={[a+b|+|a-b |}?.] | 
7. Solve the equation 
z*4+2(1+2c)z2 —(11+4 2c)=0. 


Verify that the sum of the roots is —2(1 +21) and the product —(11 +24). 
[Put z =x + ty, equate real and imaginary parts to zero and solve for x, y.] 


8. Prove that, with regard to the quadratic 
z24+(p+ip’)z+qt+iq’=0, 
(i) if the equation has one real root, then 
q’ -ppg +qp"=0; 
(ii) if the equation has two equal roots, then 
p?-p?=4q and pp =. 


[(i) If « is a real root, by the rule of equality «?+pa+q=0, p’a+q’=0. 
Eliminate «. 


(ii) In this case (p + ep’)? =4(q + tg’), etc.] 
9. If z=x+ iy =r(cos 6+ sin 8), prove that 


Jez Ł a Wrtetwroa a} or +F- a ~ 2}, 
according as y is positive or negative. 
0 . 8 x 
salen aa and a =>; 


; 008 5 = 2/7? in§= 44/75" 
i = i 2 2r ` 


Also if y>0 then 0<@<n, and if y<0 we have —7<6<0, etc.] 


(10) Find the roots of z” =(z + 1)”, and show that the points which represent 
them are collinear. 


[The roots are —4 (a +4 cot z) » where r=0, 1, 2,...n—1. The corresponding 
points lie on the line x +4 =0.] 
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Gy Show that the roots of (L+z)"=(1 ~z)" are the values of ‘tan, where 
r=0, 1, 2, ... n— 1, but omitting n/2 if n is even. 


12. Prove that 


r= 


(i) e” — 22” cos O+1= Mizg' G — 2x cos ter 1) ; 


ae 2 
(ii) a@+a"-Qcosd= Mizo (par 2 cos ET), 


(iii) cos nd — cos n0 =2" T720} {eos $ — cos (6 +5) : 


[(i) x?” — 2x” cos 0+ 1={x” — (cos 0 + ı sin 6)}{2" — (cos 0 —ı sin 0)}. Now use 
Art. 15. (iii) Put x=cosġ +2 sin œ, and for 0 put né.] 


13. If n is odd and not a multiple of 3, prove that x(x+1)(x?+x+1) is a 
factor of (x +1)” -x” —1. 


[Put x=0, - 1, w, where w is an imaginary cube root of unity.] 
14. If (1 +x+r?)” =a +a +a? +... +anx?”, prove that 


Ag tAgtAagt...- =A, taa ta; +.. =a tag tagt.. . 


15. If u=x+y+z+aļ(y+z- 2x), 


v=xtyt+etalet+e — 2y), 
w=x+y+z+a(x +y -2z), 
prove that 27a? (x? +y? +2? — 3zyz) =u? + v8 +w? — 3uvw. 
(16) 1f (a+) 4b) (+ e)“ + (d+ e) = 20, 
(a+w’)*+(b4+0')14+(c+0/) 14 (d4+0’)1=2w"7, 
where w and w’ are the imaginary cube roots of unity, prove that 
(a+1)-24+(64+1)-?+(c+1)1+(d41)7?=2. 
[Consider the equation (a +æ)! + (b +æ)! + (c+)! + (d +x)! =2x71.] 


an If 2,2 + 242 + 24? — Zas — Z321 — 2,2, =0, prove that 


| 24-23 | =| 23-2 |=| 2, —2, |. 
[For Zi Hwa +w? =0, .. Za -21 =w (2: — 23); 
, [z3-2 |=|% |. | 2-2 | =| Z — 2s |] 
18. If w=4(-—1+1/3), being an imaginary cube root of unity, and a, b, c are 
real, then y (a+ wb + wc) = +3{(NQ2D +L 4 wN2D — L}, 
J(at+w% +we)= +4{V2D +L - W2D - L), 
where D=./(a? +6? +c? -bc -ca —ab), 


L=2a-b-c, 
provided that b>c. If b<c, the sign of ı must be changed. 
[Use Ex. 9. For a positive number x, vx denotes the positive square root. ] 
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21. Points representing the Product and Quotient of Two 
Given Numbers. Let z=r(cos6+csin6), 2’ =7' (cos + sin 6’). 
(1) Construction for the point representing 
the product 22’. 


Let-1 be the point on OX which represents 
unity, so that Ol=1. Draw the triangle Oz'’P 
directly similar to the triangle Olz. 


Then P represents the product zz’. 


For by similar triangles 


OP Oz > OP r | 3 
Oz TOL? that is, Fp OP =rr' ; 


also L£2OP=24102=0, .. LIOP=0+¢@. 
But zz’ = rr’ {cos (0+ 6’) +e sin (0+0). 


Therefore P represents zz’. 


(2) Construction for the point representing 
the quotient z/z’. 

Draw the triangle OzQ directly similar to 
the triangle Oz'l. 

Then Q represents the quotient z/z’. Fic. 10. 

For, by the last construction, 


(number represented by Q) . 2’ =z. 


(3) If k is constant, and z varies so that 


2—-a 
ZG 


then the point z describes a circle of which 
a, a’ are inverse points; unless k=1, in 
which case z describes the perpendicular 
bisector of aa’. 


For let the bisectors of 2 aza’ meet aa’ 
at d, d'. Then, by Art. 13, (2), az:az=k:1. 

Therefore t, d’ divide aa’ internally and externally in the ratio k: 1, 
and are fixed points. 

Therefore z describes the circle on dd’ as diameter. . 
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Also if c is the mid-point of dd’, we have ca.ca’=cd?; hence 
a, @ are inverse points with regard to 
the circle. 

If k=1, then az=a’z; and z lies on 
the perpendicular bisector of aa’. 


Conversely, if the point z describes a 
circle of which a, a’ are inverse points, d’ 


then 


sal 
: 7 |74 Fia. 11. 
z-a 
For, since ca .ca'=cd?, then dd’ is divided internally and externally in 
the same ratio, k to 1, say. 


Hence, az:a'z=k:1.* 


(4) If z varies so that 


z—a 
am~ = 93 


where ¢ is a constant angle, then the point z describes an arc of a segment of a 
circle on aa’, containing an angle ¢. 


; 
a 


a’ Z 
Fra. 12. Fig. 13. 


a 


For by Art. 13, La’za=¢. The sign of ¢ determines the side of aa’ 
on which the segment lies. Thus ¢ is positive in Fig. 12 and negative 
in Fig. 18.-49 


22. Displacements and Vectors. 

(1) In connection with the geometrical representation of complex 
numbers, we introduce the notions of displacement and directed length or 
vector. 


(2) Displacements in a given Plane. Let P, Q be two points in the 
plane OXY. The change of position which a point undergoes in moving 
from P to Q is called the displacement PQ. 


* See Elements of Geometry, Barnard and Child, p. 316: ‘Circle of Apollonius.’ 
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If any straight line P’Q’ is drawn equal to, parallel to, and in the same 
sense as PQ, the displacements PQ, P’Q’ are 
said to be equal. 


To specify completely a displacement PQ 
we must know: 


(i) its magnitude, i.e. the length PQ; 
(11) its direction ; 
(iii) its sense, denoted by the order of 


the letters, and if necessary by an Fic. 14. 
arrow. 


If we draw OL equal and parallel to PQ and in the same sense, we say 
that 2 XOL is the angle which PQ makes with OX. 


This angle determines the direction and sense of PQ.* 


(3) Vectors. An expression (such as PQ) used to denote a line-segment 
with reference to its length, direction and sense, the actual position of the 
line being indifferent, 1s called a vector. 


Quantities which can be represented by lines used in this way are called 
vector quantities. Velocities and accelerations are vector quantities. 

A force can be represented by a vector ‘ localised’ to lie in the line of 
action of the force. 

Quantities (such as mass) which do not involve the idea of direction are 
called scalar. 


(4) Connection with Complex Number. If z=x+ cy and P is the point 
(x, y), a one-to-one correspondence exists between the number z and any 
of the following : (i) the point P; (ii) the displacement OP; (iii) the 
vector (or directed length) OP. 

Any one of these three things may therefore be said to represent z, or 
to be represented by z. « 


23. Addition of Displacements and of Vectors. 


(1) Let P, Q, R be any three points. If 
a point moves from P to Q and then from 
Q to R, the resulting change of position is the 
same as if it had moved directly from P p 
to R. We therefore define the addition of Fic. 15. 
displacements as follows : 


* Some writers use an underline instead of an overline. 
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The result of adding QR to PQ is defined to be PR: and this is 
Sx presne DY WANE PO +QR=PR. liee (A) 


This equation is also taken as defining the addition of vectors. 
If PQ, QR, RS are any three displacements or vectors (Fig. 17), 


PO +QR + RS = PR + RS = PS. 


Fie. 16. Fie. 17. 


(2) The Commutative and Associative Laws hold for the addition of dis- 
placements and vectors. 


(i) In Fig. 16, complete the parallelogram PQRS; then by Arts. 23, (1), 
and 22, ee ee es ee, 
PQ+QR=PR=PS+SR=QR+ PQ. 
Hence the commutative law holds, and PR is called the sum of PQ and QR. 
(ii) In Fig. 17, 
(PQ+QR)+RS=PR+RS=PS, 
PQ+ (QR + RS) =PQ+QS=PS, 
therefore (PQ+QR)+RS=PQ+(QR+RS), 
and the associative law holds. 


Norr. In Fig. 16, PQ+PS=PR, a fact which is expressed by saying that dis- 
placements and vectors are added by the parallelogram law. 


24. Zero and Negative Displacements and Vectors. If after 
two or more displacements the moving point returns to its initial 
position, we say that the resulting displacement is zero. Thus we write 

PQ+QP =0. 

This equation is also written in the form ~PQ=QP, which defines 
the meaning of — PQ. 

These equations are also taken as defining the meaning of zero and 
negative vectors. 
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25. Subtraction. For displacements and vectors the meaning of 
PQ -QR is defined by 
PQ-QR = PQ+(-QR) = PQ+RQ. 
Thus OP -0Q = OP +Q0 = QO +OP = OP. 


26. Definition of Multiplication by a Real Number. To 
multiply a displacement or a vector PQ by a positive number k is to multiply 
its length by k, leaving its direction unaltered. The resulting displacement 
or vector is denoted by k PQ or by PQ. k. 

Further, we define (—k)PQ by the equation 

(~k) PQ=k{ - PQ) =kQP. 
In particular, 
(-1)PQ=QP. 
So that to multiply a vector by (—1) is to turn it through two right angles. 


27. The Distributive Law. We shall prove that if k is a real 
number, then 


k(PQ+QR)=kPQ+kQR. 


(1) Let k be posite. Along PQ set off PQ’=kPQ. Draw Q’R’ parallel 
to QR to meet PR in R’. By similar triangles, 


PR'’=kPR and QR'=kQR; 
k(PQ+QR)=kPR=PR’, 
and k&PQ+kQR=PQ'+Q'R' =PR’. 


Hence the theorem holds for positive 
numbers. 


(ii) For a negative number (—k), we have 


(-k)(PQ+ QR) =(-k)PR=RP, 


and (-k)PQ+(-k)QR=kQOP+kRQ=QP+RQ=RP; 
hence the theorem holds for negative numbers. 

Thus the distributive law holds for the multiplication of displacements and 
vectors by real numbers. 


Nore. The diagram of Fig. 18 is drawn for a value of k greater than unity: the 
student should see that the same result follows from a diagram in which k is less than 


unity. 


T4 VECTORS AND COMPLEX NUMBERS 


28. Complex Numbers represented by Vectors. It will now 
be seen that, so far as addition, subtraction and multiplication by real 
numbers are concerned, complex numbers are subject to the same laws as 
the vectors which represent them. This fact is fundamental in theory and 
very useful in practice. 

It should be noticed that if a number z is represented by a vector AB, 
then | z | is the length AB and am z is the angle which the directed line AB 
makes with the directed line Oz. 


Theorem 1. If C divides AB in the ratio n: mand O is any point, then 
(m+n)OC =mOA +nOB. 


ae, eae, ee C B 
For mOC =m0A +mAC, 
nOC =nOB +nBC. i 
Also mAC=nCB=—nBC ; 
whence the result follows by addition. Fia. 19. 


Theorem 2. If z is the point which divides the straight line joining 2, za 
in the ratio n:m, then the corresponding numbers are connected by the 
relation 

(m+n) z=MZ,4 NZ». 

This follows from Theorem 1, in accordance with the principle stated in 
this article. 

In particular, if z is the mid-point of 2,2, then 2=% (z1 +2). 


Ex.1. If a, b are complex numbers, prove geometrically that 
[a+6|?+[a-—b[?=2[a|?+2|d/?. 


Let A, B be the points which represent a, b. 


Bisect AB at C, then A 
OA +O0B=200 C 
and Od -OB=BA =204. 3 


Therefore a+b and a-b are represented by 
20C and 2CA; hence 
|a+b|=200, |a-b|=2C4. 
Now, since C is mid-point of base AB, O 


Fre. 20. 
OA*+OB*=200?+2CA?; ii 
. 2ļa|3+2|b]=]a+b]3+|a-b]?. 
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Ex.2. If OA, OB, OC are connected by the relation 
` a@OA+bOB+cOC=0, where a+b+c=0, 


then A, B, C are collinear. 
[This is the converse of Theorem 1 of this article. We have 


(a +c)OB=a .OA+c.0C; hence a.AB=c. BC.) 


29. The Symbol : as an Operator.* Along two straight lines at 
right angles set off, consecutively, equal lengths OP, OQ, OP’, OQ' in the 
positive direction of rotation. 


Let the symbol ı applied to a vector denote the 
operation of turning it through a right angle im 
the positive direction of rotation. 

To bring our language into conformity with 
that of algebra, we say that to multiply a vector 
by l as to turn it through a right angle in the Fra. 21. 
positive sense. 

Thus in Fig. 2], OQ=:1OP and OP’ =109Q. 


Therefore OP’ = (0P) =OP, 
where .2OP is an abbreviation for (10L). Hence OP =(-1)OP. 

Thus 22 and —1 denote the same operation, and in this sense we write 
(== —], 

Again, OQ'=.0P'=.1(-1)OP and OQ’ = -0Q=(-1).0OP. 

Hither of these results is written in the form (-1) OP =OQ’, so that 


to multiply a vector by (— ıı) is to turn it through a right angle in the negative 
sense. 


Again, if 3. OP is taken to mean 13(2OP), it is obvious that 


È. 20P=80P=02. F0P=0Q. 


Er. 1. If a, b are complex numbers, find numbers b 
z, z’ so- that the points z, 2’ and a, b may be opposite 
corners of a square. 


Let c be the mid-point of ab, then a 
Oz =00+ z= 00 + id ; z! 
* Oz =ł}(Oa -+0b)+ $1(06 — Oa) ; 
" z=4(a+b)-ł4i(a-b). 
Similarly, z’ =4 (a+b) + de (a-b). Zon 22, 


* For the moment, the reader should forget his conception of t as dencting a number. 
F B.C.A. 
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30. The Operator cos 6+.zsin 6. Draw two equal straight lines 
OP, OP" inclined at an angle 6. Draw P’N perpendicular to OP. Along 
NP set off NQ equal to NP’. Then 

OP’ ~ON + NP’ =ON +i NỌ. 


— ON — a 
Also ON = OP OP =cos 6. OP, 


NQ= os OP =sinĝb. OP; 


”, OF' =cos 0. OP +1 sin 6. OP, 


which we write in the form 


Fra. 23. 


OP’ = (cos 0 + ı sin 8)OP, 


and we say that to multiply a vector by cos 0 + ı sin @ is to turn it through 
the angle 0. 


31. Multiplication and Division of a Vector by a Complex 
Number. In accordance with Arts. 26, 29 and 30 of this chapter, we 
say that to multiply a vector OP by the complex number r (cos 0 + sin 6) is 
to multiply its length by r and turn the resulting vector through the angle 8. 

Here r is the stretching factor and cos 0+ ısin0 the turning factor. 
These are independent of each other, and the order in which they are 
applied is indifferent. 

lf OQ is the vector obtained by multiplying OP by the complex number 
z, we write 


OQ=zOP and OQ/OP=:: 


we also say that the ratio of OQ to OP is the number z. 

Division is the inverse of multiplication, so that if OQ =zOP, then OP 
is the result of dividing OQ by z. 

Therefore to divide a vector OQ by z ts to divide its length by r and turn the 
resulting vector through the angle ( — 0). 

The result is the same as that obtained by multiplying OQ by 1/z. 


32. Product of Complex Numbers. 


Let 0Q=2'OP and OR=2z0Q, 
then we write o o 
OR =z(z' OP) =zz' OP, 
where zz’ applied to OP denotes that the operators z’, z are to be applied 
an succession, in this order. 
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Since the stretching and turning factors may be applied in any order, 
OP may be transformed into OR by multiplying its length by rr’ and turn- 
ing the resulting vector through the angle (0 + 6’). 

Hence the operations denoted by 

ze’, zz and rr’ {cos (6+6’)+esin(0+6')} 
are equivalent. 
Again, if we take (cos 0 + ı sin 8)" to mean that the operation 
| (cos 0 + sin 8) 
is to be applied n times, the result is the same as that given by the operator 


cos nô + sin nð. 
In this sense then 


(cos 6+ ı sin 8)" = cos n + ı sin nð. 


It will be seen that complex numbers used as operators on vectors conform 


to the laws of algebra. 


EXERCISE IX 
ARGAND DIAGRAMS: VECTORS 


1. Ifz=3 +2, z’ =1+1, mark the points z, z’ in an Argand diagram, and find 
by geometrical construction, the points répresenting 


Qh Bae B24 Rz 


2. Let z, a, b be complex numbers of which a, b are constant and z varies. 
If Z is given in terms of z by one of the following equations, it is required to find 
the point Z corresponding to a given point z. Explain the constructions indicated 
in the diagrams, Ol being the unit of length. 


Z Z 
z Z 
a 
(i) 
O O 1 L X 
Z a 
Gi) r 
b 
ä O xX 
O l X Z 
(iv) (v) 
Frc. 24. 
(i) Z=z+a. (ii) Z=tz where ¢ is real. 


(iii) Z=(cos a+ sin «)z. (iv) Z=az +b. (v) Z=1/z. 
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3. If Z=(1+4+2z)/(1—z), find the point Z corresponding to a given point z, 
and show that if | z |=1, the point Z is on the y-axis. 


4. If a, b are given complex numbers and Z 
z=a+(b-a)t, b 
find the point z corresponding to any given real 
value of ¢, and prove that as é¢ varies from a 
-œ to +a, z describes the entire line which 
passes through a, b, the segment ab corresponding 
to the values from 0 to 1 of t. 
[Along the line ab set off the length az=?t.ab, Fia. 25. 
then Oz=Oa+az=Oa+t.ab; .. 2=a+(b-a)l, etc.] 


5. If z=a(l +t) where ¢ is a real number, prove that as ¢ varies z describes 
the line through the point a perpendicular to Oa. 


6. Ifc, a are given numbers, a being real, and, 


(i) if z=c+a(cosg+zsing), 
find the point z corresponding to a given value of ¢ ; 

(ii) if z=c+a(1+ut)/(1—ut), 
where ¢ is real, show that as t varies from — œ to +œ, the point z describes 
once the circle with centre c and radius a. [Put ¢=tan 3¢.] 


7. If A, B, C, D are any four points in a plane, then 
AD.BC<BD.AC+CD. AB. 
Show that this theorem is an immediate consequence of the identity 
(21 — 24) (Z2 — Z3) + (Z2 — 24) (Z3 — 21) + (Z3 — 24) (21 — 22) =O. 
8. If G is the centroid of particles of mass m,, Ma, Mg, ... ab A, Ay, Ay, «.. 
and O is any point, then (m,+m,+m,+...)OG=m,0A,+m,0A,+m;0A3+.... 
To include cases where m,, mz, ... are not all of the same sign, we may suppose 
G to be the centre of parallel forces, proportional to m,, Ma, acting at A,, Ág e.. 
9. If z is the centroid of particles of mass m,, Ma, Mg, ... at Zis Zas Zas --- , then 
(m, + M+ Mgt...) % =M; + Moho + Mag +... 
10. Any three coplanar and non-parallel vectors OA; OB, OU are connected by a 
relation of the form pOA+qOB+r0OC=0, where p, q, r are real numbers. 
Moreover, p:q:r=AOBC: AOCA: AOAB, 


where the signs of the areas are determined by the usual rule. 

Also the points A, B, C are collinear if p+q+r=0, and conversely. 

[For let p:q:r= AOBC: AOCA: AOAB, 
and let G be the centre of parallel forces, acting at A, B, C, and proportional to 
P, q, r, then G coincides with O, and pOA +qOB+rOC =(p +q+7r)OG=0.] 
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11. (i) If «, Bare non-parallel vectors and p, q, p’, 7’ are real numbers, an equation 
of the form 
pa+gB=p'a+q'B 
involves the two equations p=p’, g=q’. 


(ii) If «, B, y are non-parallel coplanar vectors connected by the equations 
patgBt+ry=0 and p’a+q’B+ry=90, 
where p, q, r, p’, q’, r’ are real, then these are one and the same equation, that is 
ae pip’ =qlq =rir'. 
[These theorems follow at once from Ex. 10.] 


12. Any three complex numbers z,, 2,, 23 are connected by a relation of the 

form 
Pz, + Qzet+1%,=0, 

where p, q, r are real numbers. 

Moreover, pig: r= AOsaQ2,: AOz2,: AO2,2., 
the signs of the areas being determined as usual. 

Also the points z,, Za, Za are collinear if p+q+7r=0, and conversely. 

Prove this algebraically, and deduce Ex. 11. 

[If 2, =a, + ly, Z3 =Z + lYyg, Z3 =£; + ly, we have 

21 (LY — LY) +... +... =O, 

whence the results follow immediately. ] 


13. If the points A, B, C are collinear, and O is any point, then 


OA . BC +0B . CA +0C . AB=0. 
[In Art. 28, Theorem l, m:n:m+n=CB: AC: AB.] 


14. Let z,, Z3, z3 be complex numbers, no two of which are equal, then 
(i) If the points z,, Za» z, are collinear, 
2, | 22—23 | +2 | 23-2, | +23 | z1 -z4 | =O. 
Also, if the point z, lies between z, and z,, the ambiguous signs are both minus. 


(ii) If the above equation holds, then either z,, Z2, z3 are collinear, or else O is 
the centre of a circle which touches the sides of the triangle 2,2323. 


15. If A,A,A, is an equilateral triangle, the vertices occurring in the positive 
direction of rotation, prove that 


ae PN a a ee 
AA, =(cos or l sin a) AAs =wArAs, 


where w is an imaginary cube root of unity. 
Also, if 2,, Z}, 2; are the numbers corresponding to 4,, A,, A;, prove that 
2 + w2,-+wz3=0, and consequently 


212 +2? +23? — Zaa — Z821 — Z122 = 0. 
16. If AXYA’X’Y’ is a regular hexagon and A, A’ represent given complex 
numbers a, a’, then the numbers represented by X, X’, Y, Y’ are given by 
4(a+a’)+4(a-a’)(cos 6+ esin 8), 
2r 


where 0 has the values Lee Eg : 
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17. The triads of points A, B, C and X, Y, Z are the vertices of directly similar 
triangles if the corresponding complex numbers a, b, c and x, y, z are connected 
by the relation 


2(b-—c)+y(c-—a)+2(a—-b)= 
XY ., „b-a y-«z 


[The triangles are directly similar if oe =, ie. if —— =*—-.. ] 
AC X c-a 2-2 


18. If ABC is a triangle and triangles BCX, CAY, ABZ are drawn on BC, 
CA, AB, D similar to one another, the centroids of X YZ and ABC coincide. 


Bon oae 


— a Hence show that x +y +z=a+b+c.] 


19. Equilateral triangles are drawn on the sides of a given triangle ABC, all 
outwards or all inwards. Prove that their centroids form an equilateral triangle. 

[Let P, Q, R be the centroids of the triangles drawn outwards on BC, CA, AB. 
Prove that 


QA=CA. “4 (cos 30 + ı sin 30), AR=AB. 53 (cos 30 — ı sin 30). 


Hence show that QR=4CB +579 ag (CA - - AB), and that RP has a similar value. 
Hence show that RQ = RP (cos a +zsin 60), and use Ex. 15.] 


‘ TRANSFORMATIONS ’ 
20. If Z, z are connected by any of the relations in Ex. 2 and if z describes a 
given curve s, then Z will describe a curve S. 
Explain the following, where a, b are given complex numbers. 
(i) If Z=z+a, S can be obtained from s by a translation. 


(ii) If Z=tz where ¢ is real, the curves s, S are similar and similarly situated, 
O being the centre of similitude. In this case we say that S is a magnification 
of s. 


(iii) If Z=(cos a+ isin «)z, S can be obtained from s by a rotation about O 
through 4 æ. 


(iv) If Z =az +b, S can be obtained from s by a rotation, a magnification and a 
iranslation. 


(v) If Z=1/z, S is the reflection in OX of the inverse of s, O being the centre 
of inversion. 


21. Show that each of the substitutions in Ex. 20 converts a circle c into a 
circle C, except that in (v), if c passes through O, then C is a straight line. 


22. Show that the substitution 


_ az+b 
 a/z +b’ 
converts a circle into a circle or, in an exceptional case, into a straight line. 
a 4 - b'a 1 
[Z =- D aa E therefore the transformation is equivalent to one 
or more í those in Ex. 20.] 


CHAPTER VI 
THEORY OF EQUATIONS (1) 


1. Roots of Equations. Under this heading we consider equations 
of the type f(x)=0 where f(z) 1s a polynomial, and ‘ equation ° will mean 
an equation of this kind. 

The general equation of the nth degree will be written in one of the 
forms : 

L” + px”! + pax" +... +p, =0, 
Apt" +a”! + a,0"-2+...4+a,=0; 


(n — 1) 
2 


n 
oT, agx” + naz”! + Aa +... +a, =0, 


| a. ee 


where binomial coefficients are introduced. The last equation is written 
briefly in the form 


(a; Qis Aos ees AnSZ, 1)” =0, 
For the present, we assume that every equation has one root. This is the 


fundamental theorem of the Theory of Equations, and will be proved 
in another volume. 


(1) It follows that every equation of the n-th degree has exactly n roots. 

For let f(x)=x" + pz"! +... +P, and let « be a root of f(z)=0. By 
the Remainder theorem, f(x) is divisible by x-a; we may therefore 
assume that 


f(x) =(x ~-a) (2 + ya"? +... + Ina) = (2-0). (2). 


Let £ be a root of d(x)=0; as before, d(x) is divisible by z— 8, and we 
may assume that 


p(x) = (a — p) (2772 +7,0"-3 +... +7, 9); 
J. f(x) = (2 — ax) (x — B) (2-2 +r" +... +19). 
Proceeding in this way, we can show that 
fla) =(a-a) (x ~8)...(e-2), 


where there are n linear factors on the right. Hence f(z)=0 has n roots 
a, B, y,..., A, and no others. 
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(2) Imaginary Roots. Let the coefficients of f(x) be real; then, if «+8 
is a root, so is x — 48 (Ch. V, 14). Therefore f(z) is divisible by 
(x —a« — 1B)(x -—« + eB), 
that is, by (z — æ)? + B?. 
Thus a polynomial in x with real coefficients can be resolved into factors 
which are linear or quadratic functions of x with real coefficients. 


(3) Multiple Roots. If f(z)=(x-—«)". (x) where (x) is not divisible 
by x—a, & is called an r-multiple root of f(r) =0. 
When r= 2, we say that œ is a double root. 


D4 Relations connecting the Roots and Coefficients of an 
Equation. 
Theorem. If «,, a, ...,&, are the roots of the equation 
L” + pa” + nor? +... +p, =D, 
then the sums of the products of 01, do, Oy) ... 5 &n taken one, two, three, ... , n 
at a time, are respectively equal to 
-Pre Pos Ps sees (= 1)” Pn. 
For z” +p" i +p"? +... +p, = (£ -a ) (£ -— a)... (2-an) 
=x" — La a 4+ Lara, T n. 
Bi E e T EE: TE AS (A) 
and, equating coefficients, we have 


PAA == ~ Pis ZAA = Do, soe Xo ss. O,, = ( = 1)” Ppp. EERERETEETT (B) 


Conversely, if æi, a2, ... &, satisfy the equations (B), they are the roots of 
x” + parl + nor"? + +p, =0. 
For under these circumstances the identity (A) holds. 


Tt follows that the result of eliminating a», a3, ... a, from equations (B) 
is af +p t+...+p,=90. 


Ex. 1. Ifa, B, y are the roots of 223 + x? — 2x -1 =0, write down the valucs of 
a+B+y, Byt+yataB, aBy. 
Write the oquation in the form 23 + 4a2+(-1)#+(-4)=0; 
~ atB+y=-}, BytyateP=-1, aßy=4. 


3. Transformation of Equations. Let «, f, y, ... be the roots 
of f(z)=0, and suppose that we require the equation whose roots are 
d(x), (8), d(y), ... where d(x) is a given function of a. 
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Let y= ¢(x) and suppose that from this equation we can find z as a 
single-valued function of y, which we denote by ~! (y). 

Transforming the equation f(z)=0 by the ‘substitution x= ~!(y), we 
obtain f{d-!(y)} =0, which is the equation required. 


A case in which zv is not a single-valued function of y is given in Ex. 2. 


Ex. 1. If «a, B, yare the roots of z8-x-1=0, find the equation whose roots are 


I+ 1+B8 l+y . Hence write down the value of 2'(1+«)/(1 -«). 


l-a’ 1-p’ 1- 
Let ane then E sila and, if z3 -x -1=0, then y is given b 
on ee yt]? í tae e g y 
-153 = 
(455) eT 10, 
y+1 y+1 


which is oquivalont to 
y+ Ty? -yt+1=0. 


This is the required equation. Hence also ` 
lta l+ lty; 
l-« 1-8 l-y 
Ex. 2. If æ, B, y are the roots of f (x) =x + px? + p.x +p, —0, find the equation whose 
roots are a, B3, y?. i 
Let y =x, then gays where y3 denotes any cube root of y. The required equation 
is therefore obtained by rationalising 
JWÈ) =Y + py? + pay) + ps =; 
for the result will be the same whichever cube root y3 stands for. To rationalise the 
equation, let y + p,=l, pyž =M, py? =n, then l+m +n =0, and therefore 
- +m 4 n3 -—3lmnn=0. 
Hence the required equation is 
(Y + ps)? + p,2y* + pity - 3(y + Ps) - Pry! - pay =0, 
which is the same as 
Y? + (Pi? — Spy Pe t+ 3Ps) Y? + (Pè - 3p, Paps + 3p4")y + p3? =0. 


4. Special Cases. The following transformations are often required. 
Let «œ, B, y, ... be the roots of f(x)=0, then 

(1) the equation whose roots are —a, —f, —y,... is f(-x)=0; 

(2) the equation whose roots are 1/æ, 1/8, 1/y,... is f(1/r)=0; 


(3) the equation whose roots are ka, kB, ky,...is  f(a/k) =0. 
This transformation is called ‘ multiplying the roots of f(x) =0 by k.’ 


(4) The equation whose roots are æ — h, B—h, y—his f(x+h) =0. 
We find f(z+h) as in Ch. III, 4, and the transtormation is called 
‘diminishing the roots of f(x) =0 by h’ 
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(5) The second term of f(x) =agz" +a,2"—1 + agz"-2+...4a,=0 can be 
removed by diminishing the roots by — a, mag. 

For f(ath) =ay(x+h)®*+a,(2+h)"14+..., 
so that the coefficient of z*-! in f(x +h) is nagh +a, and this is zero when 


h= -a/na 


(6) To transform f(x)=0 into an equation in which the coeficient of the 
first term is 1 and the other coefficients are the least possible integers, proceed 
as follows: 


Ex. 1. Consider the equation of 
71223 — 54x? +45x- 7=0. 
Write this as 3y24 By —+%,=0. 


Putting x=y/k and multiplying by 45, the equation becomes 


3 5 7 
Eee yy ee eke! | YF eR FF i 
y’ qty +g key yak 0 
3 5 7 
or y? = 92 ky? + 93 k?y —_ 93. 32 kl = 0. 


The least value of k which will make every coefficient an integer is 12, so that the 
required equation is 


y? - 9y? +90y — 168 =0 where y=12z. 


Ex. 2. Transform x -- 6x? +5xz+12=0 into 1-2) 1 -6 45 412 
an equation lacking the second term. +2 8 ~ 6 
We diminish the roots by 6/3 =2. 1 -4 9 4] 6 
The reckoning on the right shows that ~ 42 n4 
the resulting equation is I -3 a 
x? — Tx +6 =0, +2 
which is the one required. 1 0 


Ex. 3. Ifa, B, y are the roots of 2x3 + 3x? -x — 1 =0, find the equation whose roots 
are 2a+3, 28 +3, 2y +3. 


The equation whose roots are 2x, 28, 2y is l1-( ~3)) l+3 -2-4 
y3. L x pte’, 3+ 0 + 6 
2.4 4+3-4-5-1=9, or 23432" -—-22-—-4=0. 1+0- 2 +9 
; I -3+9 | 
Increasing the roots of this by 3 (as in the margin, where 1-347 
we divide successively by x +3), the required equation is -3 
x? — 623+ 7x +2 =0. 1-6 e 


Ex. 4. If two roots.« and B of f(x)=0 are connected by the relation B= (a) we can 
generally find them as follows: The equations f(x)=0 and f{¢(z)}=0 have a 
_ common root, namely a. Therefore x-a is a common factor of f(x) and f{ġ(x)}, 
and may be found bj: the H.C.F. process. 


If however f(x) and f{@(x)} are identical, then the method fails. 
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Ez. 5. Solve 22° + x4 - ix — 6 =0, given that the difference between two of the roots ts 3. 


Let the roots be «œ, a+3, B. Find the 2 + 1 a - 6 
equation whose roots are «—3, a, B-3. The + 6 +21 +42 
reckoning on the right shows that this equation + 7 +14 +36 
= Qa? +192" +532 + 36 =0. +6 +39 

+13 +53 
Hence, x-a is a common factor of + 6 
223 + 192? +532+36 and 225 +x? -Tx - 6. +19 


Find the u.c.r. of these expressions; this proves to be x+1, therefore a= -1; 
and hence —1 and 2 are roots. 
Again, the product of the three roots is 3; and the third remaining root is - 3/2. 


5. The Cubic Equation. We take as the standard form 
U = Ar + 8b? + Ber + =O. E (A) 
If s=y+h, this becomes 
ay? + 3By* + 38Cy + D=0, 
where B=ah+b, C= =ah? +2bh +e, D=ah? + 3bh? + 3ch +d. 
If h= —b/a, then B=O, and the equation is 


y’? +a - 2 ¥+- 2 A E E east eoncute. (B) 
where H=ac—b*, G =a?d —3abc + 26°. 
Or, if we write z=ay=azr+b, the equation is 
23 ++3Hz +0 S05 ewniisinicenccoieniesieonu (C) 


If æ, B, y are the roots of (A), those of (B) are « + b/a, B + b/a, y + b/a, and 
the roots of (C) are aœ +b, aß +b, ay +b. 


6. The Biquadratic Equation. We take as the standard form 


u=axt + 4br? + bcz? + 4de +e=0. ocene (A) 
The function vu 1s called a me If x =y — bja the equation becomes 
yrs A yg yt ae O mith eames: (B) 
where H=ac-l?, G=ad —3abe+ 20° (as for the cubic), 
and K =a¥e — 4a?bd + babe — 354. 
If z=ay=az +b, the equation is 
24 +6H2+4Gz+K=0. cevisticiawaessessasace (C) 


If æ, P, y, 5 are the roots of (A), those of (É) are æ+ b/a, etc., and those 
of (C) are aœ +b, etc. 
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EXERCISE X 
TRANSFORMATION OF EQUATIONS 


1. If «, B, y are the roots of 22°+3z?-x-1=0, find the equations whose 
roots are (i) 1/2«, 1/28, 1/2y; (ii) «-1, B-1, y—1; (iii) 1/(1—-«), 1/(1- 8), 
1/(1-y); (iv) «+2, B+2, y+2; (v) a, B’, y?. 

[(iii) should be deduced from (ii).] 

2. If a, B, y are the roots of 82° — 4x? + 6x — 1 =0, find the equations whose 

roots are (i) «+$, 8+3, y+33 (ii) 2n+1, 2841, 2y +1. 
[For (ii) use the result of (i).] 
3. Solve xt- 22% -32?+42-—-1=0, given that the product of two roots is 
unity. 
[If œx, a~! are these roots, (x — «)(x —«~1) is a common factor of 
xt — 2x -3x?+4xr-1 and «*—4234+32?+2x-1]1.] 
4, Solve 424 — 473 — 132?+92+9=0, given that the sum of two roots is zero. 
[If «, —« are these roots, (x — «)(a+.«) is a common factor of 
4x4 — 42% -132?+97+9 and 4a4+ 423 -13x7?-92+49.] 
6. Solve 4x5 — 24x? + 23x +18 =0, given that the roots are in arithmetical 


progression. 
[Let the roots be « — ô, a, «+8, .. 3a—48. 


6. Solve 623 - llxz?-37+2=0, given that the roots are in harmonical pro- 
gression: 
[Solve 2y3 — 3y? —- 1ly+6=0, whose roots are in A.P.] 


7. Solve a! — 8x3 + 14x? } 8x — 15 =0, whose roots are in A.P. 
[Let the roots be « —38, « — 8, «+58, «+38.] 


8. Solve 2x4 — 15x? + 352? — 302 + 8 =0, whose roots are in G.P. 
[Let the roots be ap~*, ap}, ap, ap?.] 


9. Solve x? — 7z?+36=0, given that the difference between two of the roots 
is 5. 


10. Solve 4x4 — 423 — 25x? +x + 6 =0, given that the difference between two of 
the roots is unity. 


11. Transform into equations Jacking the second term : 
(i) 2° —627+42—-7=0; 
(ii) xt + 8x? +a?-x2-10=0. 
12. Transform into equations with integral coefficients : 
(i) a - Ja? +360 -44 =0; 
(ii) a4 — x? + x? - pha — aoo = 0. 
13. If n is odd, prove that 


tan nð =(- 1)ł"-1) tan 6 tan (0+7) tan (0+5) ... tan (o+ =m) ; 


ntanng=tan9+tan (0+7) +tan(0+7 ) +... +tan (0 12n, 
[Regard the equation of Exercise VII, 14, as giving tan @ in terms of tan nô.] 
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7. Craracter and Position of the Roots of an Equation. 
We say that the character of the roots is known when we know how many 
are real and how many are imaginary. 

The position of a real root is its position on the scale of real numbers, 
and is determined roughly for a non-integral root by finding two con- 
secutive integers between which the root lies. For a complete discussion, 
we require Sturm’s Theorem (Ch. XXVIII), but a good deal of information 
can be derived from the elementary theorems which follow. 


8. Some general Theorems. Here we suppose that 
f(z) =2" + px" + pot"? +... + Da; 
where p4, Po, ... are real numbers. 
If l+em is a root of f(x)=0, then l—ım is also a root (Ch. V, 14) and 
f(x) has the quadratic factor, {x —(l+em)}{x — (l—um)} = (x - 1)? + m?. 
The last expression is positive for all real values of z. Thus if æ, B, ... x 
are the real roots of f(x) =0, these being not necessarily all different, 
J(z)= (x-a) (a ~ B)...(a—x) . (2), 
where ¢(x) is positive for all real values of x. Also this expression in 
factors is unique. 
Hence, if x varies, the sign of f(x) can change only when x passes through 
a real root of f(x)=0, and we draw the following conclusions. 


(1) If x is greater than any of the roots, f(x) is posite. This is also the 
case when all the roots are imaginary. 
nce it follows that for sufficiently large values of x, any polynomial 
has the same sign as its highest term. 
(2) Let a and b be any real numbers: then 
(i) If f(a) and f(b) have like signs, an even number of roots of f(x) =0 le 
between a and b, or else there is no root between a and b. 


(ui) If f(a) and f(b) have unlike signs, an odd number of roots of f(x) =0 
lie between a and b. . 

(3) (1) If f(x) =0 is an equation of odd degree, it has at least one real root. 

(ii) If f(x) =0 is of even degree and p, is negative, the equation has at least 
one positive root and at least one negative root. 

For, by (1), a positive number a can be found so large that f(a) is 
positive and f(—a) has the sign of (—1)". 

Hence if n is odd, f(a) and f( — a) have unlike signs and at least one root 
lies between a and —a. If n is even and p, negative, f(a) and f(-a) 
are positive and f(0) is negative, so that at least one root lies between 0 
and a and at least one between 0 and —a. 
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9. Descartes’ Rule of Signs. In what follows, every equation is 
supposed to have a term independent of z, so that zero roots do not occur. 

In considering the signs of the terms of a polynomial taken in order from 
left to right, we say that a continuation, or a change, of sign occurs at any 
particular term according as that term has the same sign as the preceding, 
or the opposite sign. 

Thus 2? — 225 — 324 — 423+ 5x? — 6x +7 has 2 continuations, and 4 changes 
of sign, the continuations occurring at the terms — 324, — 42°, and the 
changes at — 2x5, +527, —6z, +7. 

The equation agx” +a,7"—! + a,2"-* +... +a,=0 is said to be complete 
when no coefficient is zero. If a,=0 we say that the corresponding term 
Is missing. 

In a complete equation: (i) If x is changed into — x, a change of sign becomes 
a continuation and vice versa. 

(ii) If u is the number of changes, and p' the number of continuations, 
of sign, then u +u' =n, where n is the degree of the equation. 


Descartes’ Rule is as follows: The equation f(x)=0 cannot have more 
positive roots than f(x) has changes of sign, or more negative roots than f( — x) 
has changes of sign. 


To prove the first part, we shali show that if u is any polynomial and 
v=u(x—a), where a is positive, then v, when expanded, has at least one 
more change of sign than u. 

First suppose that no term is missing in u and consider the following 
instance : 

Signs of terms ofu, + - - -— + + - + 
- +++ --4 - 
Signs of terms f v, + - +++ +4- + - 
where + indicates that the sign may be + or —, or that the corresponding 
term is zero. 
In the diagram of corresponding signs, observe that 
(1) If the rth sign of u is a continuation, the rth sign of v is ambiguous. 

(11) Unlike signs precede and follow a single ambiguity or a group of 
ambiguities. 

(iti) A change of sign is introduced at the end of v. 


On account of (i) and (ii), v has at least as many changes of sign as u, 
even in the most unfavourable case in which all the ambiguities are con- 
tinuations: and on account of (iii) v has certainly one more change of 
sign than u. 
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That no changes of sign are lost on account of any terms which may be 
missing from u appears on considering such instances as 


++ 0 0- -+ 0 0 - 
- — 00 + + - 00 + 
+ + - O- + -+ —- O-— + 


Thus v has at least one more change of sign than u. 

Next let f(x) = (x) . (x —«)(x—)... where a, B, ... are the positive roots 
of f(z)=0. If ¢(z) is multiplied in succession by x—a, z—f, ... , each 
multiplication introduces at least one change of sign. 

Hence f(x) has at least as many changes of sign as f(z) =0 has positive 
roots. 

Again, the negative roots of f(x) =0 are the positive roots of f(—z) =0, 
with their signs changed. Hence the second part of the theorem follows 
from the first. 


10. Corollaries. Let be the degree of f(x), and 


p the number of changes of sign in f(z), 
u' the number of changes of sign in f(-x), 
m the number of positive roots of f(x) =0, 
m’ the number of negative roots of f(x) =0; 


then (1) of w+p'<n, the equation f(x) =0 has at least n —(w+p') imaginary 
roots ; 
(ii) of all the roots of f(x) =0 are real, then m =u and m =p’. 


For by Descartes’ rule, m<p and m'’<p’. Hence 
Ne SUE Ny. sisi a aed hueleedeks (A) 
and the number of imaginary roots =n — (m +m')>n - (p +p). 
Again, if all the roots are real m +m’ =n, therefore by (A) m+ m =p +p". 


Now m<p; and, if m<p, it follows that m’>yp’, which is impossible. 
Therefore m=p and m =p’. 


Ex. 1. Ifq, r, 8, are positive, show that the equation 
f(x) =24 +qx? +r -s =0 
has one positive, one negative and two imaginary roots. 
By Art. 8, (3), f(x)=0 has a positive and a negative root. Also p=1 and p’=1, 
therefore these are the only real roots. 


Ex.2. Show that x5 —2z?+7=0 has at least two imaginary roots. 

Here p=2, p’=1; therefore p-|-u4’=3. Hence there cannot be more than three 
real roots, namely, two positive and one negative. 

Therefore the equation has at least two imaginary roots. 
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11. De Gua’s Rule. Ifa group ofr consecutive terms is missing from 
f(x) =0, then 

(i) of r is even, the equation has at least r imaginary roots : 

(ii) ¿f r is odd, there are at least r+1 or at least r—1 imaginary roots, 
according as the terms which immediately precede ana folicw the group have 
like or unlike signs. 

Suppose that the r terms between ha™ and kz™-"-1 are missing from f(z) 

Let f(x) =ha™ +k- 4 d(x), and f(r) =%(x) + A(z) 
where p(x) =ha™ +c,0™—-! + c,0™-? +... epa + kam}, 
none of the set, Cis Cz, ... , Cp, being zero. 

The number of changes of sign in %(2)+the number of changes of sign 
in f(-2z)isrt+l. 

Let u =number of changes of sign in ha™ + ka™-?-1, 

uw’ =number of changes of sign in h( —2)"+k(-—az)™-7-}, 

Thus the total number of changes of sign in f(x) and f(—2) is less than 
the number in f, (x) and f(-x) by r+1—(u+yp’). 

Hence f(x) =0 has at least r+ 1 -— (u +p’) imaginary roots. 

First suppose that r is even, then (- x)” and (—2x)"-"-! have opposite 
signs, and 

(i) if h, k have the same signs, p=0 and p’=1 ; 

(ii) if h, k have unlike signs, y= 1 and p’ =0, and in both cases 

r+l—(utp')=r. 

If r is odd, (—x)™ and (—z)™-"~! have the same. sign, and 

(i) if h, k have the same sign, p=0, p’ =O and r+1—(u+p’)=r+l1. 

(11) if h, k have unlike signs, w=1, p'=1 andr+1—(u+p')=r-—l1. 

This completes the proof. 


Je 1. If H =ac -b >0, the equation 
(a, b, c, ... kha, 1)” =0 


has at least two imaginary roots. 
For by the substitution z =y — 7m the equation becomes x” + i x -24.,..=0, and 


by De Gua’s rule this equation has at least two imaginary roots if H > 0. 

Gimat mk Ean v 

12. Limits to the Roots of an Equation. (1) In this article, 

whatever is said about the roots of an equation refers to the real roots only. 
Also, the equation is supposed to be written with its first term positive. 


$ 


wn 
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In searching for the roots of an equation, it 1s advisable to begin by finding 
two numbers between which the real roots lie. If A, lare two such numbers 
and h>l, then A is called an upper limit and l a lower limit to the roots. 


(2) Upper Limits. Any number A is an upper limit to the roots of f(z) =0, 
provided that f(z)>0 when.x>h. 


Method of grouping terms. The process consists in arranging the terms 
of the equation f(z)=0 in groups, so that we can find by inspection a 
number A such that the sum of the terms in each group is 20 for xh. 
To distribute the terms conveniently, it is often advisable to multiply f(x) 
by some positive integer. With a little ingenuity, this method can be made 
to yield quite close limits, as in the examples at the end of this article. 
Other methods are given in the next exercise, and in Ch. XXVIII. 


(3) Lower Limits. 
1) If h’ is an upper limit to the roots of f( —x)=0, then —h’ is a lower 

limit to the roots of f(z) = 

For if « is the least root of f(x)=0, then —« is the greatest root of 
(—2)=0. Hence, h’> —-«a, and therefore -Rh <a. 

(i1) If h” is an upper limit to the positive roots of f(1/x}=0, then 1/h” as 
a lower limit to the positive roots of f(x) =0. 

For if æ’ is the least positive root of f(z) =0, then 1/x’ is the greatest 
positive root of f(1/xz)=0. Hence h’’>1/«' and so 1/h" <a’. 


Ex. 1. Find an upper and a lower limit to the positive roots of 
f(x) =2? — 102? — 11x -100 =0. 

Here 6 f(x) = 628 — 602° — 662 — 600 = 427 (x — 15) + a(x? — 66) +(x” ~ 600). 
Thus f(x) >0 for x>15 and 15 is an upper limit to the roots. 
Again, putting x=1/y, the equation becomes (y)=100y3 +114? + 10y —-1=0. 
Now o (y) = 5y?(20y — 1) + (164° + 10y — 1). 
The greater root of 16y? + 10y — 1 =0 is £ = 5 

1 


1:5 16 
Hence $(y) >0 for y> > jg’ i.e. for a STE’ i.e. for z=10-6. 


Thus 10-6 is a lower limit to the positive roots. 


~ ; and if y has this value, 20y - 1 >0. 


Ex. 2. Find an upper and a lower limit to the roots of 
f(x) =3x4 — 61x? + 127x? + 220x — 520 =0. 

We have f(x) =x? (3uz2 — 61x” +127) + (220x — 520). 

The greater root of 3z7-6laz+127=0 is 17-9.... Thus 18 is an upper limit to 
the roots. l 

Again, f( — x) =(3a4 — 520) + 2(612? + 127x — 220), and each group of terms is positive 
if x24. Hence —4 is a lower limit to the roots of f(z)=0. 

G B.C.As 
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13. To find the Rational Roots of an Equation. Any such 
roots which may exist can be found by using the following theorem: If 
pz -q is a factor of ax” +ba™-1+4...+hx+k, where a, b, ... h, k are integers 
or zero and p, q are integers prime to one another, then p is a factor of a, 
and q is a factor of k. 

For, denoting the polynomial by f(z), if px-q isa factor of f(z), then 
Ft (q/p)=0, and therefore 

aq” + bq” p+... + hqp”—t + kp" =0. 
Hence aq" =p x an integer, so that ag” is divisible by p. Now p is prime 
to q, therefore p is prime to q”. Hence a is divisible by p. Similarly k is 
divisible by q. 

Hence the rational roots of ax" + ba"! +... + k =0 must be included among 
the values of -1:q/p, where p is prime to q, p is a factor of a and qa factor of k. 

We can test the values of +g/p by synthetic division, or we may use 
the method of divisors given below. 


Ex. 1. Search for rational roots of f(x) =223 — 5x? + 5x -3 =0. 

We have f(x) =222(z — 8) +5(x - 3), therefore 3 is an upper limit of the roots. Also 
f(- 2) =0 has no positive roots, therefore f(x)= 0 has no negative roots. 

If g/p is a root, p=1 or 2, g=1 or 3, and the only values of g/p which lie between 0 
and 2 are 1, 3,3. Testing these by synthetic division, we find that 3 is a root; and 
it is the only rational root. 


14. Newton’s Method of Divisors. Let the given equation be 

transformed into 
BG eee i A a a E ee pa 0 ee eer (A) 

where Pi, ~»,... are the least possible integers. (See Art. 4, (6).) 

By the last theorem, if « is a rational root of (A), then « is an integer 
and p, is divisible by a. 

Let h be any factor of p,. If 2—h is a factor of f(x), and we divide f(z) 
by x—h, the usual reckoning is as follows: 


1-A) 14+, + +..-+Pn-g +Pn-1 +2Pn 


h +qh +Qn-gh +n- +4n— yh 
qi q2 In--2 In—1 O 


where (=P, +h, qa=Pa+ gih, e Pn- +n- =n- Pnt Inh =0. 
Newton’s method consists in performing these operations in the reverse 

order, thus 

| Put+Pn-1  +Pn-g ++p +P +1 
~an- in- Siy -q al 
— qn- — In-3h -qh —h 0 
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Here p„ is divided by A, the quotient is —q,_,; this is added to Pais 
giving —q, 4. Dividing this by h, we get —q,_», which is added to py_», 
and so on. 

If any q in the process is not an integer, f(x) is not divisible by x-h and 
the reckoning need not be continued. 

Herein lies the advantage of Newton’s method. 

Further, the last number in the bottom line must be 0. 

To lessen the number of trials, choose any number a, then if x-h is a. 
factor of f(x), f(a) is divisible by a—h. We generally take a= +1. 


Ex. 1. Find the rational roots of f(x) = xt — 39x? + 462 — 168 =0. 
Since f(z) =22 . (x? — 39) + 2(232 - 84), 
and 4f( — x) = 22 (x? — 78) + (x4 — 672) + x(x - 184), 
it follows that all the real roots lie between -9 and 7. 
If h is a rational root, it is an integer and ++ is a factor of 168 =2°.3. 7. 
The possible values of A are therefore 
+1, +2, +3, +4, 46, -7,  -—B. co.cc cece eeeceeees (A) 
A number of these can be excluded at once, for 
f(D) = -160= -2°.5; f(-1)= -252= -2?.3?. 7, 
so that +1 are not roots. 
Also if h is a root, 1 — h is a factor of 160, thus we can exclude — 2, 4, -6, ~8. 
Again, -1 -A must be a factor of 252, and so we can exclude 4. The remaining 


numbers are 
2, +3, -3, +6, -7. 


Testing these as below by Newton’s method, we find that 6 and —7 are the only 
rational roots. 


1-2) -168 +46 -39 + 0 41, 1-3) -168 +46 
-84 -19 -29 -56 
-38 -58 -29 —10* 

1+3) -168 +46 -39, 1-6) -168 +46 -39 +0 +l 
+56 -34 -28 +3 -6 =] 
“102 -73* +18 -36 -6  O 


1+7) -168 +46 -39 +0 +l 
+24 -10 +7 =d 
70 -49 +7 0 


EXERCISE XI 
REAL ROOTS 


1. Use Descartes’ rule of signs to show that : 
(i) If q is positive, x3 +gx +r=0 has only one real root. 
(ii) 2? — 324+ 2x3 — 1 =0 has at least four imaginary roots. 


* The reckoning stops at these stages because 10 and 73 are not divisible by 3. 
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2. Show that the roots of (a - z)(6 —z) - h?=0 are real and are separated by a 
and by b. 
[Denoting the left-hand side by f(x), we have 


f(~)>0, f(a)=f(b)<0, f(-æ)>0.] 


By grouping terms, find an upper and a lower limit to the roots of the equations 
in Exx. 3-9. 


3. x4 — 325 — 2274 7x +3 =0. 4. 25 — 10x4 — 5x? + 6z? — lle - 350 =0. 
[For an upper limit in Ex. 4, group thus: æ?(x?-— 10x — 5) + (6x? — 11x - 350). 
For a lower limit, write x= -y and group thus: 
y(y* — 11) + ¥°(9y — 5) + (y* — By? + 350).] 


5. 24+ 427? — llr? -— 92 - 50 =0. 6. xt- 2234.32? — 5x +1 =0. 


7. 223 — lla? -10x -1=0. 
[Group thus: 2(2z? -11x —-11)+(x-1).] 
8. 25+ a4 - 625 — 8a? — 15x - 10 =0. 
[Group thus: gæ(xt-— 6r? — 15) + (24 - 82? - 10).] 
9. 2° — 3x4 — 2423 + 95x? — 46x — 101-0. 
10. For the equation f(x) =x” + p£”! + pæ"? +...+p, =0, if the numerically 


greatest negative coefficient is equal to - p, then p+1 is an upper limit to the 
roots. 


[Let x>1, R S if z” > p(t 447-24 ...4+1), Le. if z” 
This holds if x” >p. i ifx-1>p.] 


m-l 


11. For the equation f(x) =2" + px"! + p22 +... +p, =0, if the numerically 
greatest negative coefficient is equal to -p and the first negative coefficient is 
Pr then </p+1 is an upper limit to the roots. 

[Let x> 1, then f(x)>0 if a" > p(x" +r 7 14+....41), ie. if 


yn-rti x l 
4" > p. —— 
P x-l1 
n—T+t 


This holds if z" >?” 
if x> f/p+1.] = 


, Le. if (v—1)z7!> p, which holds if (x -1)"> p, ice. 
12. If the rule in Ex. 11 is applied to the equations in Exx. 3-7, show that 
the limits are (1) 4, - 4; (2) 351, -5; (3) 9, - 5l; (4) 6, -1; (5)7, -6. 
13. By using Ex. 11, find an upper limit to the roots of z’ — 100z? —-237=0. 


Find the rational roots of the equations in Exx. 14-19. 
14. x3- 9x? + 22% -24 =0. 15. x°- 5x? - 18% +72 =0. 


16. 3x? - 2x? -6x +4 =0. 17. 4zi — 362? + 45x? + 54r -81 =0. 
18. 62 -252 + 262? +42 -8 =0. 19. 6244532? - 95x? — 25x +42 =0. 
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15. Symmetric Functions of the Roots of an Equation. 
Let æ, B, y, ò, €, ... be the roots of 

ey e 1% rae ee ay PE ee TS (A) 

then by Art. 2, 2a=-—p,, LaP=p., Zaæaßy= -Pz ete. occ (B) 


It will be shown that these equations can be used to express any 
symmetric function of the roots in terms of the coefficients. 

Functions of the type 248 ... , where a, b,c... are positive integers, 
will be called elementary functions. These can be calculated in order by a 
process of multiplication, and any symmetric function of the roots can be 
expressed in terms of them. 


Ex.1. For equation (A) find the values of Xia®ByS and Le?p*y. 

(i) The product La. LeByS consists of terms of the types a*Byd, a«Byde. The first 
of these occurs once in the product. The second occurs five times, namely as the 
product of any one of «, B, y, 5, € and a term from Lapys. Therefore 


da. Sapyd=LarByS+5LaBySe, and Lea®Byd= -PpP +5ps. 


(ii) Consider the product L’ax8. LeBy. This consists of terms of the types «By, 
a*Byd, «Byde. The first of these occurs once. The term a*Byd occurs three times, 
namely, as each of the products (a8) (ay), (ay) (%B5), («5)(«By). The term aByde 
occurs ten times, for we can select two out of the five, a, B, y, 6, €, in 10 ways. 


Therefore Sab . LaPy = Lathy +3La Bys + lOLaBySe. aeee (C) 
Using tho last result and equations (B), we find that 

| Dict? B2ay = 3D Dy — PoDs ~ S E ETE (D) 
Note. Theso results can be tested by putting a=B=y=...=l. In this way (C) 


becomes CY. C} =3C% +120% +1007. 
For reference, we give the following results, indicating briefly the 
process of reckoning. 
If æ, B, y,... are the roots of =a" + p,a"-1 4+ px"? +...4+p,=0, then 
Za =(La)?*-WaB=p2-2p,, ZR = Ea . Lap —-ILaBy =3p,—- Po, 
LA = Lo, La — xp = — pi? + 3P po — 3P3, 
Za By = La. LaBy —4Zaßyò =p, Ps - 4ps, 
Zah? = (Z . ap)? - 22a py — 62xByd = py” — 2p, Ps + 2Ps, 
Zah = Lap . Za? — La®By = pi? Po — 2P — yps + 4Pa 
Zat = (Zoe?) — 22 B? = py* — 4p? Pa + 41 Pa + 2p ~ 4p. 
Here the elementary functions of the second, third and fourth degrees 
in «, B, y,... are calculated in order, and obviously the process can be 


continued so as to find any function of this kind. It is important to notice 
that the degree n of the equation does not occur in the reckoning. 
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16. Symmetric Functions involving only the Differences 
of the Roots of f(x)=0. 


These are unaltered if the roots are diminished by any numberh. Hence 
they may be calculated by using the equation f(y+h)=0, where h is 
chosen so as to remove the second term. 

A useful check is provided by the theorem in Ex. 1 below. The functions 
in Exx. 2, 3 are important. 


Ex. 1. Letv be any symmetric function of the differences of the roots of 
(dos Ay, Aas ... 2,2, 1)” =0, 
then if v is expressed in terms of dg, Ay, Ay, ..., the sum of the numerical coefficients is 
zero. 
The sum of the numerical coefficients is obtained by putting ag =a; =a,=...=1 in v. 
But in this caso the given equation becomes (x+1)", every root of which is —1, and 
since v involves only the differences of the roots, in this case, v =0. 


Ex. 2. Ifa, B, y are the roots of ax? + 3b2* +3cx+d=0, find the values of 
(i) (a? +1) (6? +1)(y? +1), 
(ii) (B - y)(y ~a) + (y -x)(x - B) +(x - B)(B - y). 
(i) We have a(x — «) (x — B)(x - y) = a2 + 362? 4+ 3cx +d. 
Substituting +4 and —c for x in this identity, we find that 
a(x —t)(B -t)(y —t) =4(a — 3c) + (3b - d), 
A(a+t)(B+t)(y+t)= —t(a — 3c) + (3b - d), 
therefore a? (a? + 1)(B? +1)(y? + 1) =(a — 3c)? + (36 — d)?. 


(ii) EB — y)(y - a) = Zy - La? =3EBy - (Za)? = (ae ~ 2). 


Ex. 3. If «, B, y, ò are the roots of 


ax’ + 4b? + 6cr? + 4dx+6=O0, occ ccc eee eec eee eeeeeeees (A) 


find the values of 
(i) 2(« - B} (ii) 2'(a — B)*y?8?, 


(iii) (B+y-a-8)(y+a-B-8)(«+B -y - ô). 
(i) (x - B)? = 32a? ~2L 0B =3 (La)? - 82'o8 aS (b? — ac). 


re 1 1l ; ; l ; 
(ii) The equation whose roots are a An is obtained by interchanging a and e, 
a 


b and d, thus B y 8 
TEE 1 15 
O(a — B)*y?8? = a? B78? . z(: a 
. @ 48 48 
D (d? — ec) = qa (° — ce). 


(iii) Denote the function by v. Since v is a function of the differences of «, B, y, 8, 
its value may be found by using the equation 


6H 4G K 
Yt Y taa Y t=, E EES rah as Wa A TA (B) 


obtained by the substitution z =y — b/a. 
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Let æ’, B’, y’, 8’ be the roots of (B). Then since La’ =0, 
Bt+y-a-6=P' +y -x -8’= -2(8’ +2’), 
and — v/8 =(5' +a’) (8’ + B’)(8’ + y’) 
= 8/9 48/7 (a! +B’ +y) +E BY + ya! taB) Ha By 
=. Lia’ + Lia’B’y’ ; 
v= -85x B'y' =32G]a. 
Ex. 4. Ifat+B+y+6=0, prove that 
oF + PF +y +85 = -5LaB. LaBy. 

Let «, B, y, 5 be the roots of zt + p x? + paz + p,=0, and let s, = Ža", then by Art. 15, 


8,=0, 8,= —2p,, 83= - 3p} Also a5 + p,03 +p x? +p;x=0, with three similar equa- 
tions. Hence by addition, s; +. o.5, + Pasz + pa =0 ; 


*, 83= — Pal — 3Pa) — Pa ( — 292) =5NeM3 = — 5SLaß . Žaßy. 


17. Equations whose Roots are Symmetric Functions of 
a, B, y. The follcwing are typical examples. 


Eí If «x, B, y are the roots of 23 +qx+r=0, find the equation whose roots are 


(B -y?, (y-a), (x - B)?. 
Let z=(B -y})?, then since 2x=0 and «fy = -r, 


z=(B +y? -4By =a? +4r/æ. 
Hence the required equation can be found by eliminating « from 
a3 +qa+r=0, aF-2a+4r=0. 
By subtraction, (z +q)x=3r. 
Substituting for « in the first equation and simplifying, we have 
(z +q) +3q(z2 +9)? +277? =0, 
which on expansion becomes 


z3 +. 6gz? + 9q2z + 493 + 27r? =0. 


The artifice employed in the next example is often useful. 


-Eix.2. (i) Find the condition that the sum of two roots æ, B of 
rtp De FD DO ieia tees (A) 
may be zero. 


(ii) Use the result to find the equation whose roots are the six values of 4(%+ ), where 
a, B are any two roots of 


axt + Abr? + Ber? 4dr +e=0. sive iccdecsuacveadetenisasieen (B) 
(i) Since « and —« are roots of (A), 
of + pix? + pax? + pax +p, =0, 
at — pw? + pea? — psx + py =0 5 
*, f+ pox? +p =0 and a(p,a?+p,)=0. 


Now «30 unless p,=0, therefore 1,74 — Py PaDs + P3? =O, ..ercsccecsccecccencceevceees (C) 
which is the required condition. 
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(ii) Let z=}(a +8), then we have (a —z)+(B-z)=0. 
If then we diminish the roots of (B) by z, writing x=y +z, the sum of two roots of 
the resulting equation in y will be zero. This equation is 
ays +4By® + 6Cy? +4 Dy + BHO, cccccccccccsceeesenaeeeeeeeees (D) 
where B=az+b, C =az? +2bz +c, 
D=(a, b, c,d§z, 1), H=(a, b, c, d, eğz, 1) 
For equation (D), the condition (C) gives 
B?E -6BCD +aD? =0, 


an equation of the sixth degree in z, whose roots are the values of 4(« +). 


EXERCISE XII 
SYMMETRIC FUNCTIONS OF ROOTS 


If «, B, y are the roots of ax? + 3bz? + 3cx +d =0 and 
H =ac —b?, G=a'd —3abc + 265, 
prove that: 


1. Sax? = — 3(a*d —9abc + 9%). 
2.* a EB? =3 (d?a — 9deb + 9c°). 
3. at (aß? + By? + ya?) (ay? a Ba? Ac y B?) =at (30287? 3 apy&a? +&B?y?) 
= 9 (a?°d? — 6abcd + 3ac? + 365d). 
4. a? {(B—y)? +(y — a)? +(x- B)?}=18(b? - ac). 
5.* a? {a2(B - y} + By — a) + y?(a — B)?} = 18(c? - db). 
*Explain how to derive (2) from (1) and (5) from (4). 
6. a?{a( a y-a)? +y(æ-— B)*}=9(ad — bc). 
1. at{(B—- y) +(y- a)! + (a — B)4} = 1627. 
8. (B +y -a)ly +a- p)l(x+ pB- y) =8a'd — 3babe + 276%. 
9. aè? (2æ — B- y) (2B - y - a) (2y - a - B) = - 27G. 
10. (i) The condition that a, B, y are in a.P.is G=0. 
(ii) The condition that they are in a.p. is ac? =b°d. 
(iii) The condition that they are in H.P. is d’a —3dcb + 2c? =0. 
(i) If 2x=ß+y, then a=-b/a. (ii) Eliminate x between u=0 and 
ax?+d=0. (iii) Put x=l/y and use condition (i).] 
11. The condition that «, 8, y may be connected by the equation 


(x —h)(B—h)=(y —h)? 
is aC? = B°D, where B=ah+b, C=ah?+2bh+c, D=ah* + 3bh? + 3ch +d. 


12. The equation whose roots are 


By-o? = ya - B? aß — y’ 
Bty-2a’ yta-2B’ a+ß-2y 
is a(az? + 2bz +c)? = (ax? + 3bz? + 3cx + d)(ax +b). 


Show that this reduces to a cubic equation. [Use Ex. 11.] 
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13. If œ, B, y are the roots of 2?+9r+r=0, prove that the equation whose 
roots are 4%, 4% S42 ig r(z+1}+o(z+1)+g=0. 
y P «ay au 
[Let z Ze +2. Prove that a? + 2qa -rz=0. Eliminate « between this equation 
and. g? + mae r=0.] 
14. If «x, 8 are any two roots of x? +qz+r=O0, the equation whose roots are the 
six values of «a/f is 
v?(z2 +24 1P +q327(z+ 1)?=0. 
[Let z= 33 . «=z, hence the required equation is got by eliminating $ from 
B?+qB+r=0 and 2988+ qz8+r=0.] 
15. If a+b+c=0 show that 
(i) a5 +65 +c5=5abe(be+ca+ab); (ii) a? +6? +c? =Tabe(be + ca + ab)?. 
[Let a, b, c be the roots of z3+qzx+r=0.] 
16. Use the last example to show that 
(x +a)’ — r’ —a5=5axr(x+a)(z?+axr+a?), 
(2+a)? -x -a =Tax(x +a) (x? +ax +a}. 
17. Solve (x +a +b) -x5 —a® -b =0. 
[Observe that x+a+6+(-—2)+(-a)+(-—6)=0, and use Ex. 4, p. 97.] 
18. If x, B, y, 5 are the roots of zt + p,2? + px +p, =0, prove that 
(i) Zat=2(p} - 2p) (ii) Za? = -7p (p: — pa). 
If œ, B, y, & are the roots of axt + 4br? + 6cxr?+4dxr+e=0 and H =ac-b?, 
G =a?d — 3abc + 2b3, prove that : 
19. a? £x? =4 (4b? — 3ac). 20.* a?D'x2B? =4(4d? — 3ec). 
21. a?Lia?B =12 (ad ~ 2bc). 22.* a? Zaby? = 12(eb — 2dc). 
* Note that (20) follows from (19) and (22) from (21). 
23. a2 (a — B)?(y? + yd + 5?) = 144(c? — bd). 
24. S(x — B)(a— y)(« — 8) = — 324. 
25. If a, B, y, ... are the roots of x” + px”! + pax" +...+p,=0, prove that 
2i(a — B)?=(n — 1)p,? - 2np,, 
Dapy = — pps + 2peps + Pips — 5Ps» 
Los B® = -pipi + 2p,"ps + PaPa — Spi pe + Spy. 
26. Show that the squares of the roots of 
age” — a,x"! +a"? —...4+(-1)"a, =0 
are the roots of 
bax” — ba" + b,x" — ... + ( - 1)"B,, =0, 


where 
be =i, b, = a,® — 2AM; g= aa? = 2a; + 2AM, wie 


b, =4,? — Why _ Ap yy +2ar are — ar saras t.e. 
27. If the equation whose roots are the squares of the roots of the cubic 
x3 —ax? +b -1 =0 
is identical with this cubic, prove that either a=b=0 or a=b=3, ora, b are 
the roots of 2?+2+2=0., 


CHAPTER VII 


PARTIAL FRACTIONS 


1. Rational Fractions. An expression of the form P/Q, where P 
and Q are polynomials in xv, is called a rational fraction. If P is of lower 
degree than Q, P/Q is called a proper fraction. If P is not of lower degree 
than Q, P/Q 1s called an improper fraction. By means of the division 
transformation, an improper fraction can be expressed as the sum of an 
integral function and a proper fraction. Thus 


Theorem. If A toed + 7 , where the letters denote polynomials in x 
ý 
and X/Y, X'/Y’ are proper fractions, then A=A' and X/Y=X'/Y’. 


, X X YX -XY 

For A-A =z- y= yy 

Also X and X’ are respectively of lower degrees than Y and Y’, and 
therefore YX’ -— XY’ is of lower degree than YY’. 

Hence A- A' =0; for otherwise, the polynomial A — A’ would be identi- 
cally equal to a proper fraction, which is impossible. Thus 4=A’, and 
consequently X/Y = X/Y. 


2. Partial Fractions. To resolve a given fraction into partial 
fractions is to express it as the sum of two or more simpler fractions. 


Fundamental Theorem. If C/AB is a proper fraction and the factors 
A, B are prime to each other, proper fractions X/A and Y/B can be found 
such that 


Roa es 
AB A B’ 
For since A is prime to B, polynomials X’, Y’ can be found so that 
BX'+AY’'=1, (Ch. III, 18.) 


C CX’ CY’ 


and therefore AB = a + 5 : 
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If CX'/A and CY’/B are not proper fractions, by division, we can find 
polynomials Q, Q’, X, Y, such that 
= CY’ 
=Q+G and p =+ 
where X/A and m are proper R and E 


C , X Y , BX+AY 
AB ete tat pete +A 


Now X and Y are respectively of lower degrees than A and B, therefore 
BX + AY is of lower degree than AB. Thus (BX +AY)/AB is a proper 
fraction: so also is C/AB, therefore 


0+Q’=0 and 


3. To resolve a Proper Fraction P/Q into its simplest 
set of Partial Fractions. We shall prove that 


(1) To a non-repeated factor x —a of Q there corresponds a fraction of the 
form wae ; 
x-a 
(11) To a factor (x — b)” of Q there corresponds a group of the form 
o Ue e Oe 
x—-b (x-b}? (x-6b)3 (x - b)” 
(iii) To a non-repeated quadratic factor x? + px +q of Q there corresponds a 
, Cx+ D 

fraction of the form Png 

(iv) To a factor (x? + px +q)” of Q there corresponds a group of the form 

Cz + D, Cx + D, Cne + Da 
aieperg’ @+perge’ + peng 

Here A, B,, Ba, ... , Cy, Cy, ... are independent of x. 

Proof (i). Let Q=(x-—a). B, then since x-a is a non-repeated factor, 
B is prime to x-a, and so 

P/Q=X/(x-a) + Y/B, 

where the fractions on the right are proper fractions. Hence X is a 
constant. 

(ii) Let Q=(x—b)” . B. It is assumed that z— 6 is not a factor of B, so 
that B is prime to (2 —0)", and consequently 

P/Q=X/(c-b)" + Y/B, 

where the fractions on the right are proper fractions. 
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Hence X is of degree n —1 at most, and it can be put in the form 
B, (x -b)+ B(x — b)" +...+B,, (Ch. III, 4.) 
where B,, B,, ... are constants, which proves the statement in question. 
(i1) The proof is similar to that of (i), but X is of the form Oz + D. 


(iv) The proof is similar to that of (ii), but each of the set B,, Bz, ... is of 
the form Cx + D. 


Various ways of finding the constants are explained in the following 
examples. 


x 
proper fractions, C E-E) 
We have (a -a)(z -b)(x -c)=2 -x . La+xdab —abc. 
Hence it is easy to see that the quotient in the division of xt by (x - a) (x —6)(z -c¢) 
is x+a+bh+c. We may therefore assume that 


a ee 
(x-a)(x—b)(x—c) z-a x-b x-c 


as the sum of an integral function of x and three 


EEEE (A) 


‘To find A, multiply each side of (A) by z-a, and put z =a. 
at 
“ia-bj(a c)" 
The values of B and C can be found in the same way; 
xt 4 1 


: = a 
re eae bhea Geta eon bases 


| 


Ex. 2. Resolve into the simplest possible partial, fractions 
Fy ee e e Ec SY a 
(x-1) (x-2) (23 +2 4+1)(2? ~2+1)’ ( (2 -—1)(2?-1) (23-1) 
as RS: TO a 
(x —-1)8(x-2) x-1 (x-1} (x-1} 2-20 
Multiply each side by x —2, and then put 2=2; 
23 — 
t= 
Now x? -5 _ 8 _-2æ@+õr+l _-2(x-1)}+(x-1)+4 
(x-1}(z-2) x-2 (æx-1} ` (x-1)? 
A-5 22, |! 4,3 
(x-1}(z-2) x-l (x-1} (z-1} x-2° 
Second method. Find d as before. Next, multiply each side of (A) by (x-1), and 
then put z=1; 


Glai e a a a a a (A) 


3. 


Therefore 


1-5 


ee cee oaan ES 
— rs 


1-2 
Next, multiply each side of (A) by x, and let r+; 
~” l=at+d; |. a=-—2. 


Finally, put 2=0 in (A), .’. ~3=-atb-e-S, ., o=l. 
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Particular attention is called to the last two steps. In this way two 
equations connecting the coefficients can always be written down. The 
steps are equivalent to the following: Multiply each side of (A) by 
(x —1)8(a~-2) and equate the coefficients of x? (the highest power of zx) 
and the absolute terms on each side. 

328 — 2x? -1 ax+b cx +d 


ii) Let ne fe gence cette ences 
(ii) (x3? +x+1)(z?-x+1) xite+¢1 -r4 (A) 


Multiplying by (x? +2+1)(z?-24+1), we find that 
3x3 — 22? -l=(a+c)29+(-a+b+c+d)z*+(a-b+c+d)x+b+d, 
and, equating coefficients, 
a+c=3, -a+b+c+d=-2, a-bt+c+d=0, b+d=-l. nasas (B) 
Whence a=2, b=1, c=l, d= -—-2. 
Note that the first and last equations in (B) can be found by (i) multiplying (A) 


by z and letting z->o, and (ii) putting z=0. Two other equations may be quickly 
obtained by putting x=-1 and x= - 1. 


The following method is sometimes useful. From (A), 


3x3 — 2x? — 1 cz? + (c +d)x+(c+d)x+d 
ee ar +b HUMMIHIMIMss 
z -g+l z?-z+l 


? 


whence by division, 


=ax +b +ex + (2c a cccidcaed a 


— 2x -2 
3r+l +- lead 


-~£+] 
The integral functions and also the fractions are identically equal, and so 
a+c=3, 6+2c+d=1, 2c+2d=-2, -2c= —-2, 
giving a=2, b=1,c=1,d= —2. 
Peer ae OL a ee OE cl 
(x+1)(z-1)(22+xz+1) z+1 2-1 (x-1)? (4-1) z’+x+l 
We first find e and f. Multiply both sides of (A) by zx? +x+1, and then let 
r? +gz+l=0. 


(iii) Let (A) 


This gives 
1 


(x+1)(x-1) 
We have z? = -x -— l and x3? =1, whence we find that 
(x = 1) = — 3x? +3x -1 =3(x +1) +3zr=3(2x +1) 
and (x +1)(xz-1)}=3(2x? +3r+1)=3(z-1). 
It follows that 


=e% +f, when 2?+2+1=0. 


] =3(x —1)(ex+f)=3 {ex* — (e - f)x - f}. 
<. 3(f-2e)xz-3(e+f)=1. 
This linear relation holds for two values of x (namely, the roots of 22+2+1=0). 
It is therefore an identity, and so 
f-2e=0 and 1=-3(e+f), giving e=-1/9 and f= -2/9. 
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Next, multiply (A) by z+1, and then let z= -1; 


iste el 
~(-23.1°° 8° 
Multiply (A) by (x —1)%, and then let z=1; 
1 1 
F-53575 


Multiply (A) by x, and let zo; .. O=a+b+e, giving b=44+$=44. 
In (A), let x=0, *. -l1=a -b+c -d+f, giving c= -1; 
Sage olen ee isnt sen Se 
** (@ -1)(a? -1)(23 -1) 
l 1 17 1 1 1 l l 1 x+2 


SS a j Shee gg a hey (Set <a 


-8zi 2 2-1 4 (@-1?'6' G@-1) 9 eras 


— 
— 


EXERCISE XIII 
PARTIAL FRACTIONS 


Resolve into partial fractions 


1 1 3 (x -6) z?+] 
' (#-1)2(a - 2) " g3(2+3)° " (x-2) (x-3) 
4 2x?+1 5 (x +2)? x? +x? +l 
" 2-1 ¢ ` (x —2)(a?+2”42)° ` (x2 +2) (x2 +3) 
zê+l 8 x? +r] x? — 19x- 15 
'(z?-xz+1)’ ' (%—1)(z*-1)° ` (x+2) (x2+1)’ 
9, — Z 1, ales Gel 
(x? + 1)? (x? + 2)° (x? + 1)?(x? + 2) (2? + 1)? 
(ac? + 1)? 1 | 
13. (a? 1)" 14. Yel’ 
1 —abz? 
15. Express as the sum of a constant and two proper fractions. 


(1 —ax)(1 — bx) 
Hence show that if 1 —abz? is divided by 1 —-(a+6)x+abz?, so as to obtain a 
quotient of (n +1) terms, this quotient is 
1+(a+b)x+(a?+6?)a2+...4+(a"%+b")2", 
and find the corresponding remainder. 


(x+a)(x+6)(a%+c) 
Pa a aa CEEE ET as the sum of a constant and three proper 
. a 
Pas a Gae bao) as the sum of a constant and three proper 
18. Hence show that 
aè? b3 c? 
(a—b)(a—c)(a—d)  (6-c)(b—d)(b—a)  (c—d)(c—a)(c-b) 
d3 


+ @-ayd-b)(d—0) 
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yt 
(x -a)(x -b)(x-ce) 
three proper fractions. 
Hence show that 
a‘ b4 ct 
(a—b)(a—c)(a—d) ' (b~c)(b—d)(b—a) ' (c~d)(c —~a)(c—b) 
ds 
* (d—a)(d—6)(d—c) 


19. Express as the sum of an integral function of x and 


is equal toa+b+c+d. 


20. If (l+2)"=cy+e,7+0¢.27+...+¢,2", show that 


|” Ff % C3 


T. EEES PE E E E a 
z(x+l)(x+2)(x+3)... (x+n) 2 s+l z+? 7° z+n 
|” Qo a, Ay An 
[aume tat ete ee eel ee ee 
21. Hence show that 
i fo ti a. n l 
D a a EE -TE n+ 
vy fo C1 Co _y\n_&n ee. eee 
Mg gr a ea oy 
22. Use Ex. 21 and similar identities to prove that 
Se E A opn al 
Daoa sO n e 
ij isl eee 2 ee 25 no ĉn o © Z 
es 3.4°4.6 a (n+2)(n+3) (n+2)(n+3)- 
Cy Cy R 
(il) 373 = 379.3.4¢ °° +" Cit din 3) Ons 3) 
ae a ee) an z 


2.3.4 3.4.5 


23. Prove that 


gnti 5 a” +! ] 
HO tg + oo. by +, + ——.. 
(% —a,)(x—a,)... (£ — an) R lg (a, —@,)...(a,-a,) w-a, 


(n+2)(n+3)(n+4) 2(n+8)(n+4) 


24. Use Ex. 23 to prove that | 
Can +1)" Cy pn 4+ Oy a(n- 1)" — 4+ (— Log =| 4-2, 
[In Ex. 23, write »+1 for n, and put 


a =l, a,=2, eee y An =N, and x=0.] 


CHAPTER VIII 
SUMMATION OF SERIES 


1. Meaning of Summation. Let u, be a function of the positive 
integral variable, and let 


n= U, tUa tUg t... HUn 


The function s,, possesses this peculiarity—it is the sum of n terms, and 
these terms cannot be added up, unless the value of n is specified. 

Sometimes it is possible to express s, as the sum of p terms, where p is a 
number which does not depend on n. For example, 


14+24+3+4+...4n=4n?+4n, 


and the number of terms on the right (namely two) is independent of n. 
To sum a series to n terms or to find the sum of the first n terms of a series 
is to express s,, in the form just described ; but this is not always possible. 
Among the series capable of summation are arithmetic and geometric 
series ; a harmonic series cannot be summed. 
The sum of the first n terms of the series 


Uy t+ Ug + Ug +... $Up +... 


is often denoted by 2,=tu, and sometimes by Zup, or simply by s, 


2. Method of Differences. Jf we are able to express u, in the 
form Va- Un where v, is some function of n, then we can sum the series 
to n terms. 


For, by hypothesis, 


. whence by addition 
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Ex. 1. Sum the series 1.2.342.3.443.4.5+... to n terms. 
Here U,= n(n +1)(n +2) 
= 4n(n+1)(n+2){(n+3) -(n-1)}* 
=4n(n+1)(n+2)(n +3) —~1(n-1)n(n+1)(n +2); 
*, Up =V_—Un_y Where v, = ha(n+1)(n+ 2)(2 +3); 
and since v)=0, we have by the preceding, 


Sn Uy -Vo= gn(nt+1)(n+2)(n +3). 


3. Series in which u, is the Product of r successive 
terms of an A.P., beginning with the n-th. 


The last example is an instance of this type, and the same method can 
be applied to the general case, which 1s as follows : 
It is required to sum to n terms the series in which 
Un=(atnb)(atnt+1.b)..(at+n+r—1.5), 


where a, b, r are constants. 


We have 
_unf{(atnt+r.6)-(at+n—1.b)} 
an (r+1)6 
_Ua(atntr.b) (atn—1. bun 
(r+1)b (r+1)b 
E unla +ntr. b). 
Therefore up =V — Vn- Where v,= erie 
and consequently Sn =Un — Vo- 


Here vy is independent of n, hence the sum to n terms may be found by 
the one rule: On the right of u, introduce as a factor the next term 
of the a.r. ; divide by the number of factors so increased and by the common 
difference of the a.p. and add a constant. 

The constant is found by putting n=1, as in the next example; or by 
substituting 0 for n in v,. 


Hz.l. Kum to n terms 1.3.54+3.5.745.7.9+4.... 
Here u,, =(2n —1)(2n +1)(2n +3), and applying the rule, 


_ (2n -1)(2n +1)(2n + 3) (2n + + +) 


a= fe Cate mete (A) 
To find the constant C, put n=1 in (A), noting that s,=1.3.5; 
(1.3.65 2 2740, s C=150-2= 1: 


4.2 
W. 8_ =H {(2n -1)(2n +1)(2n +3)(2n +5) +15} 


* The expression in the bracket {} is formed by subtracting the term which precedes n from that 
which follows (n+2) in the A.P. 1, 2, 3, ... 


H B.C. A. 
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4. Series in which u,, is a Rational Integral Function of n. 
In Ch. IIT, 4, (3), it has been shown that a rational integral function 
of n of degree r can be expressed in the form 


a+bn+en(n+1)+dn(n+1)(n+2)+... to (r+1) terms, 


where a, b, c,... are constants whose values may be found by synthetic 
division. We can therefore use the rule of the last article to sum series of 
this type, as in the next example. 


Ex.1. Sum the series 
2.343.64+4.114+...4(m41)(n? +2). 


Here Up == (0 +1)(n? +2) 1+1)1 = ie +2 
-l + 
— 93 2 fo ae ee 
=n? +n*+2n+2. 14+2)1 40 +2 
Dividing by n, n+1, n+2 in succession, as on the -2 
right, the reckoning shows that 1 -2 


u =n(n+1)(n+2)-2n(n+1)+2n+2; 
therefore 
Zu = n(n +1)(n+2)-2En(n+1)+28n +2n 
=4n(n+1)(n+2)(n +3) -Bn(n+1)(n+2)+n(n+1)+2n 
=n (3n? + 10n? + 21n +38), 


the ‘constant’ clearly being zero. 


5. Series in which u„ is the Reciprocal of the Product ofr 
successive terms of an A.P., beginning with the n-th. A 
simple instance is the following : 


Ex. 1. Sum to n terms =a 3.5 ta : a +z- ma gte 
Here a 1 ab. (2n +3) —(2n—-1) * 
n (2n ~1)(2n4+1)(2n +3) 4 (2n -— 1)(2n +1)(2n +3)’ 
TE ees eee dpe 
n 4 (2n-1)(2n4+1) 4 (2n4+1)(Q2n4+3) "7? w 
where v i OEO EE 
nA (2n+1)(2n +3)’ 
eee 1 1 1 


n= 4 (2n+1)(2n+3) 


The general case is as follows : It is required to sum to n terms the series 
in which u, ts the reciprocal of 


(a+nb)(a+n+1.b)...(a+n+r-1.b), 
where a, b, r are constants. 


* The numerator is the difference between the first and last factors of the denominator. 
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Proceeding as in the last example, we have 
] (a+n+r—1.b)—(a+nb) 
(r-1)b (a+nb)(at+n+1.b)...(a+nt+r—1.b) 
Therefore u,=U,_1—-Vn, and s,=vyg—v,, Where 
1 1 


Un oat Se Rp OG pe ee ae Gr a PE ag wa nO” Witenes a S A 


Un = 


Now v is independent of n, hence the sum to n terms may be found by 
the following rule: Remove the left-hand factor from the denominator of u, ; 
divide by the number of factors so diminished and by the common difference 
of the a.v. and subtract the result from a constant. 


The constant is found either by putting »=1, or by substituting 0 for n 
in v,. Thus, in the last example, by the rule 


en, 1 1 
n 2,2 (Qn +1)(Qn +3)’ 
l 1 | 1 
and putting n=l, yz =0 -575'E c C=? 
a Ol 1l 
i 272 13712 
Ex. 2. Sum the seri X. : : 
o ads M the SE 8741275 go Taig)’ 
” ee i n? +3n+2 s n(n+3) +2 
n n(n+3) n(n t+1)(n+2)(n+3) n(n +1)(n+2)(n +3) 
: a 1 2 
umn tim+2) amt mn+2j m+) 
E Ae : Beet Fee (A) 


—nmt+2 3(n+1)(n+2)(n +3) 
To find the constant C, put n=1 in (A), observing that s, =4. 
l 1 2 a H 
14507373 > CSi 
Alternative method, by Partial Fractions. We have 


j =3(5-a53)} 
n 3\n n+3/’ 

E TES. etal EE. E 
o n+l n+2 n4+3’ 
° 8 =; (1451 -H a | 
eae 2 3 n+l n+2 n+3 

li 1 l 1 l 
Oo 

which is the same result as before, in a different form. 
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The last example is an instance of a series whose n-th term is 
P/(a+nb)(a+n+1b)...(a+n+r— 1b), 

where P is a polynomial in n of degree m. 

If m<r—1, this can be summed by expressing P in the form 

Ay +a,(a+nb) +a,(a+nb)(a+n+1b)+.... 

If m=r-—1, the series cannot be summed, for to do this we should have 
to sum a harmonical progression. 

If m>r-1, the nth term consists of an integral and a fractional part 
which can be dealt with separately. 


6. Another important Type. If u,, ts the n-th term of 
a a(atl) a(a+1)(a+2) a(a+1)...(a+n-1) 


ees eR ce A o n maa e ry Bernt 


nema 


b b(b +1)" b(b+1)(B+2) U 75S 1). (bend)? 


1 
then aaa ar {u (a +n) —a}. 
a (atn)-(6+n—-1) | 
For My == Un- Pee are =v m eee 
where a= Ula +n) (a-b+1) (nl). 
Also aau CED p t 


a-b+1 3% a-b+1' 


Therefore Sn = {u (a +n) — a}. 


1 
Vn — — r = -M 
” a-b+1 a-—-b+l1 
T. The Series u,+u,x +u,x?+...+u,x" where u, is a Poly- 
nomial in n of Degree m. 


If x=1, this series can be summed as in Art. 4. If «1, let 
S=Ug HUL HUL? +... HURT”, 
then s(l — 2) = Ug +V + Ugh? +... +U,2" — Upa” t, 
where UV, =Uy— Up» Vg= Ug — Uz v0. Vn = Un — Uni 
Now v, is a polynomial in n of degree m — 1 ; thus by repeatedly multiply- 
ing by 1 — æ (m multiplications in all), we can reduce the problem of finding 


s to that of summing a geometric series. 
It follows that s=P/(1—2)™+! where P is a polynomial-in z. 


Ex.1. Sum the series 1? + 227 4+ 37724... +n?" 
Denoting the sum by s, we have 


s(l —-x)=1 +3r +52? +...4+(2n- Lar) ~n2x". 
Let 8’ =1 +3 +52 +... + (2n - 1)”, 
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then 8 (1 —x)=1 +2 +2? +... +22- — (2n -1)2” 
_“{1-2") n. 
as ea 1 —(2n —1)2"; 


_2(1-2"”) 14+(2n-1)2" n?x” 


ce eee wee ee 


~ (l-z) (1 —2)? l-z’ 


8. The Series 17+27+37+...4+n". We shall write 
S,=1°4+ 274+ 37 +...4+n"=f(n), 
and c=n(n+1), o =2n4+1. 


(1) Theorem. {fr is a positive integer, S, can be expressed as a poly- 
nomial in n of which the highest term is n"+t/ (r +1). 
For we can find a,, aa, ... ap, independent of n, such that 


n"=A;n+aon(n—1)+...+a,n(n—1)(n—-—2)...(n—r4+]), ne. (A) 
where obviously a,=1. Writing n—1, n—2,...1 in succession for n and 
adding, by Art. 3, we have 

S,=3@,(n+1)n+4a,(n+1)n(n—1) +... 


1 
tory tl(n+l)n(n-1)...(n-r+1). TEET (B) 


The right-hand side, when expanded, is a polynomial in n of which the 
highest term is n”+! .a,/(r +1), that is, n7+1/(r +1). 


Ex. 1. Show that S,=4n(n+1)(2n+1), S =4n?(n +1). 


We have n*-=n+n(n—1); 
*, Sa=4(n+1)n+3(n+1)n(n-1)=}n(n+1)(2n +1). 
Also nS =n+3n(n -1)+n(n—-1)(n—-2); 


~ Sy=¥(nt1)n+ (nt+-1)n(n—-1) 44 (n 41) n(n -1)(n - 2) =4n2(n +1). 
(2) If S =bn + bon? + byn? +... +b, n"tt=f(n), the values of b,,,, 6 
5.1, .-- may be found as follows. 
f(n)=1°+27+...47, and f(n—1)=17+27+...4+(n—1)’, 
therefore n’=f(n)—f(n-1), 


so that nt =b, {nH —(n—1)"} +b, fn? —(n—1)"} 4+... +b. 


T? 


Expanding and equating coefficients, it will be found that 


1 i r r(r—l)(r-2 
b, = b, = b, 1 b,_.=0, bp ge I 


r+1? Qe E19? 
and soon. If ris large, b,, bz, ... cannot be found conveniently in this way, 
and we use other methods. 
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(3) The values of S,, S3, S;,..., may be found in succession by consider- 
ing the function v,=n' (n+l) —(n—1)n’. 
We have V1, +Ug+...+0,=n" (n+ 1)’, 
and, expanding by the Binomial theorem, 
$V, = Cyn?) + Chn?r-3 + Chn?r-5 +... 
Putting n—1, n—2, ... 1 in succession for n and adding, 
ba" = C7 Sar + CpSor_g + CES op_g tes 


whereo=n(n+1). The last term is rS,,, or S,, according as r 18 even or 
odd. 


When r=1, 2, 3, ... this formula gives 
do = NA 
407 =28, S; = 40" 
to a 3S; + 3 S 
Jot =48, +458, S, =o? (30? — 40 + 2) 
$05 =58,+108,+S; Sy =zso2(20 — 50? + 60 — 3) 
$06 = 68,, + 205, +68, S11. = 70? (204 — 803 + 170? — 200 + 10). 
Thus if r is odd and >1 and S,=f(n), then n?(n +1)? is a factor of f(n), 


and the remaining factor is a rational integral function of n(n+1). Of 
course, it does not follow that S, is artthmetically divisible by n?(n +1}. 


(4) The values of Sa Sa Sg, ... , may be found as follows. 


Let W, = (n+ 1)"(2n +1) —(n—1)'nt(2n -1) ; 
then Wi + Wet... +w, =n" (n +1) (2n +1)=0"0, 
where o=n(n+1) and o =2n+1. 


On expansion, we have 
gwp = (207 +1) n* + (2C8 + Ch) n2r-2 + (205 + Ch) n? -4 +... 
= (2r + l)n?" +403 (2r — 1) n?7-2 +403 (2r - 3jn? +... 
Putting n- 1, n—2, ... 1 in succession for n and adding, 
"foro! = (2r +1)Sa +405 (2r — 1) Sara +407 (2r — 3) Saat... , -....(B) 
the last term being S, or (r + 2)S,,,, according as r is even or odd. 
When r=1, 2, 3, ... this formula gives 


r=1 | 400’ =38, Sz =300" 

r=2 | toc’ =55,+8, Sa = shoo (30 — 1) 

r=3 | $0% =75, +55, Se = dx00" (30? — 30 + 1) 

r=4 | toto’ =95,+145,+8, | Sg =pyoo' (50? — 100? + 90 — 3) 
r= 


| $00 =11 S0 +3088 +75S6| Si = ssov (304 — 100? + 170? — 150 + 5). 
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Thus if r is even and S,=/(n), then n(n+1)(2n+1) is a factor of f(n), 
and the remaining factor is a rational integral function of n(n +1). 

It will presently appear that the formula (B) is immediately deducible 
from (A) of the last section. 


(5) Bernoulli’s Numbers. We define B, as the coefficient of in S,, 
when this is expressed as a polynomial in n. 

Thus B,=}, and B, B; B}, ... are all zero; for S;=3n(n+1) and 
S5, $5, Sy, ... all contain the factor n?(n+1)?. The numbers Ba, — B,, Be 
— B, ... are the famous numbers of Bernoulli, in terms of which a large 
number of functions can be expanded. For convenience we shall refer to 
the whole set B,, Ba, Bs, ... as Bernoulli's numbers. 

A great many formulae can be given for calculating these numbers ; 
one of the best is the following. 

If r>1, then 

(2r +1)Bo, + 10% (2r —1) Bao +401 (2r —3)Bop_g +. 50, oeaan (©) 
the last term on the left being B, or (r +2) B,,,, according as r is even or odd. 
If r=1, the zero on the right of (C) is to be replaced by $. 

For B,,, is the coefficient of n in S,,,. Hence by the formula (B) of 
Art. 8, (4), the left-hand side of (C) is the coefficient of n in the expansion 
of $n"(n+1)"(2n +1). 

Putting r= 1, 2, 3, ... , in (C), 


r=] 3B, =} B, = 3 
r=2 5B, + B,=0 B, =- 
r=3 7B, +5B,=0 B, = d 
r=4 9B, +14B,+ B,=0 B; = -3y 


Continuing thus, we find that 
691 T 3617 43867 174611 
Bis 


— — — 


=g Pug? PIe= ~ Big? s=’ 720= — 359 


A few more of the extraordinary properties possessed by the sequence 
B,, B}, Bs, ... are given below. 
By the Binomial theorem, 
(nt1)rtt—ntti =Citint+ Cetin 14 ...4Crt Ine. 
Putting n—1, »—2,... 1 in succession for n and adding, 
(n+ 1)rtt}—-L=C{t1S,+C§t1S,_. 4+... + C7 tS, +n. 
Equating the coefficients of n on each side, we have 
CITIB Ae OR Boite OB ee Dy cee lara, (D) 
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Similarly, from the equation 
ntt}—(n—1)tH = Ct nt —- Cot att 4+... 4+(- 1), 
it follows that 
n't =C S, CTIS, 1 t.n (a Ct, +(-1)'n, 


and consequently 


COB HClO B at.. (ICHIB +1) 0. nn, (E) 

From (D) and (E) by addition and subtraction, 
CUtiB, +031B,_o+C1t1B, at. Hb td), occ. (F) 
OLB nt OP Bt CP Be i STS l sana (G) 


where each series continues till B,, or B,=1, appears. 

Formulae (F), (G) are equivalent to equations 10’, 11’ in Chrystal’s 
Algebra, Vol. II, p. 231. They may be used for calculating B,, B,, etc., 
but their use requires twice the amount of labour required by (C). 

Symbolic notation. Equations (D), (E), (F), (G) can be written symboli- 
cally thus: 


(BIIP eB gon Care ne ter ee nr ae (D) 

BO (B-11) H 0, seer (E) 

(B1 -= (B-15 H =(r +1), cece (F) 

(B+ ljrtt4(B-lyH-eBrta(rt), oc, (G) 


where, after expansion, each index is to be changed into a sufix, i.e. Bm 18 to 
be written for B™. 


(6) Theorem. If S,=17+2"+...+" where r is a positive integer, 

then 

(i) = S,=rs,_,+B, and (1) 8,=r|8,.dn +nB, 
where B, is independent of n and is, in fact, the Bernoullian number as 
defined in Art. 8, (5). 

For S, can he expressed as a polynomial in n of degree r+1. Denoting 
this polynomial bv f(n), we have 

n =f(n)—f(n—1). 

This relation involves only positive integral powers of n up to n”, and 
holds for all positive integral values of n. Hence it is an identity, and we 
may differentiate both sides with regard to n. Therefore 

rn’ =f" (n) —f'(n—1). 
Writing n—1, n-2, ... 1 in succession for n, and adding, 
f in)=r{n + (n1)... $2714 1H + B,, 
where B, is independent of n. 
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Moreover, B, is the coefficient of nin f(n), and is therefore the Bernoul- 
lian number defined in Art. 8, (5). The second statement follows from the 
first. No constant of integration is added, for S, is divisible by n. 


Ex.1. Deduce formula (B) of Art. 8, (4), from (A) of Art. 8, (3). 
Putting r+1 for r in (A), we have 
gor tt = CTH Sopr t+ OFF Sara FOS Sop a ten 
Differentiating with regard to n, 
£(r + Loto’ =OT#} (27 + 1)Sop + C543 (27 — 1) Sap_g + OF! 1 (2r - 3)S gpg toe 


No constant is added, for every term is divisible by n. 
Dividing by r+1, we obtain the formula (B). 


(7) Using the relation S, = |, sd +u B,, we can find the values of S4. 
So, Ny... by successive integrations. (At any stage, the constant B, can be 


2 
found by putting n=1.) Thus So=N, S,= aie Bn, 


2 
2n? 2n? 2.3n4 2. 3n? 3n? 
= eee e —_ S SS tee 
Mig lg Tet Mio gg aa ory hee 
Continuing the process, we arrive at the equation 
S, T+ n" mrt mr-2 n 
p A Pp e prat e 


which may be written 


(r+1)S =n"! + BCT! In" + BCo nt 4... 4 B Ert In, aan, (H) 
and expressed symbolically, as above, in the form 
(rtl) S= (mt B) iB aiaa (H) 


This result is known as Bernoulli's Theorem. 
Putting n=1, we have equation (D) of Art. 8, (5). 


Ex. 1l. Verify the following, either by substitution in (H). or, starting with 


ni n? n? 
Ssstt” 


by successive integration. 


S n oe n? = n S n ee pha in om wes 
"5 2'3 30 @~9'°2" 3 15 9 30 
get ton, n hee ee ge 
56° 2 12 12 ? 10 2 4 #10 2 2 
ga a a n g a al ee ae 
+7 2 ? 6 42 10 11° 2 6 2° 66" 
poe gi LAT A 

7™8 2 12 24 ' 12 
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EXERCISE XIV 
SUMMATION OF SERIES 
A (Arts. 3, 4.) 


Sum to n terms the series in Exx. 1-9. 
p Wee ees Se ee aa ee Pe eS ee | 


2.2.5.84+5.8.1148.11.144+.... 3. 124+394+57+.... 
4.1.542.64+3.7+.... 5. 17,24+2?.34-37.4+4+.... 

6. 1.27+2.32+3.4%+..., 7. 1.2.44+2.3.543.4.64.... 
8. 1.2.34+4.5.64+7.8.94.... 9.* 2.14+5.34+8.5+4+.... 

Find the value of 

10. 11?+12?+13?+... +2. 11. 11? — 12?4 13? -—... -202-4 212. 
12. 1104+128 413+... +21. 13. 203 — 198+ 188 —... 423- IB, 


Sum to n terms the series in Exx. 14-16. 
14. 12, 22422, 32432.424.... 16.4 1.n+2(n—1)+3(n-2)+.... 
16. 1.?+2(n —1)2?+3(n —2)?+.... 


17. Show that whether n is odd or even, 
(i) 12-224 32-424... to (n — 1) terms=}(—1)"n(n—-1). 
(ii) 14 — 24434-4414... to (n—1) terms =ł4( - 1)”n(n - 1)(n? -n - 1). 


18. Show that the sum of the products, taken two together, of the first n 
natural numbers is ygn (n? — 1) (3n + 2). 


19. Find (i) the sum of the squares, (ii) the sum of the products taken two 
together of the numbers 1, 4, 7, ... (8n — 2). 


20. Find the number of shot which can be arranged in a pyramidal pile on a 
triangular base, each side of the base containing 10 shot. 


21. Find the number of shot in a pile of 8 courses on a triangular base, each 
side of the base containing 12 shot. 


22, Show that the number of shot in a pile of n courses on a square base, each 
side of the base containing 2n shot, is 


Ln(2n+1)(7n4+ 1). 


23. Find the number of shot in a pile of a rectangular base, the sides of the 
base containing 16 and 10 shot respectively, and the top course consisting of a 
single row of shot. 


24. A pile of shot of n courses stands on a rectangular base, and the top course 
consists of a single row of x shot. Show that the number of shot in the pile is 
dn(n+1)(2n + 3a — 2). 


oe the nth term is the product of the nth terms of the arithmetic series, 2, 5, 8,..., and 
l 9 By Dyo 


t Here Uy =r(n—r—i)=nr—(r —1)r. 


25. 
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Show that if n is of the form 5m + 1 or 5m +3, where m ig a natural number 


or zero, then 


26. 


14+ 24+ 34+...+4 is divisible by 17+ 2?+3?+...+%. 
Show that if n is of the form 3m +1, then 
15+ 25+35+...+25 is divisible by 15+ 28+ 33+... +n. 


B (Arts. 5, 6, 7.) 


Sum to n terms the series in Exx. 1-24. 


1. 


21. 


‘7.2.3'2.3.4°3.4.5°°"" 


TP or ga gra 


E EE eee paea 
12 23 ga "1:33.50 570° 

: ! . ee ee TENE 
2.6.8 5.8.11 8.11.14. °° 


e See ae e 
"1.2.3.4 2.3.4.5 3.4.5.6 ` 
Bee eee a ek E 7 EERE aia 
"1.2.3 2.3.4 3.4.5 °° a es oy aoe a 

3 ie eee ee 9 go ie AP OD 
1.2.4°2.3.6°3.4.6°°°° ERHET RI 
4 4.7 4.7.1 2 
a -ecut 11. 1+2r 43r? +43 +... 
econ ne 13. a+(a+d)r+(a+2d)r?+ 

staatgat Pore 
j? 32 5? 7? 

totats” 

1 l ] 


' Fal +22) * (14+ 2x)(1 43a)‘ (14+3x)(14+4x) 0°" 
. 1.|1+2.|2+3.|3+.... [Here u,=n|n=|n+1-|n.] 


1 


e 


'1.3°1.3.5° 1.3.5.7 7] n~ 21.3.5... (n+) 
3 5 7 Qn+1  (n+1)}-n? 


[Here Un = nin l) = OEST .] 


1 l l 


"3.9.11 5.11.13 17.183.156% 


1 2x 3x? 


‘a4’ aiD) arete 


[Observe that na®—1 = x” (x+ n)-— z”.] 


1+(1+2)04+(14+243)2?+(1424344)a8+.... 
[The value of s„(1 —x) can be found by Ex. 11.] 
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n n—-l n — l 2 3 
eee AE see en ht S esti athe can ete eS Sano 2 
22. 5-973+973.4 +3 74057 23. 5 atta att gat 
1 TEE 
24. EE a Ok ; 
3 |4 |5 |n+2 
25. Prove that 
n+r—l 
jang OID RAED) tor terms- LL 
|2 [3 |rjr-1 


Sum to n terms 


l 2 4 x x? xi 


26. i ia" ‘ees whee. 27. 


28. — 


C (Art. 8.) 


1. If 174 27+37+...4+"=f(n), show that 
f(-n)=(- 1 f(n - 1). 


[Put -n+1, —n+2, ... —1 for n in the identity f(n) —f(n - 1)=n".] 
2. If S =bn + b,n? + bn? +... 4+6,,,n"t!, show that 
bi — ba +b -b+ —...=0, 
2b, — 3b, + 4b, — 5b; +... =0, 
3. 2b, - 4 . 3b, +5. 4b; —...=0. 


[Use Art. 8, (2).] 


3. Given that S, = 750? (20? — 50? + 60 — 3) where o =n (n + 1), deduce the 
value of S, by differentiation. 


4. Continue the reckoning in Art. 8, (5), to find the values of B,, and B,,. 


5. Show that formula (C) of Art. 8, (5), may be written symbolically in the 
form BY(B+1)"(2B+1)=B"(B-1)" (2B - 1), 
where after expansion B,, is to be written for B™. 

6. Find the value of B, by using formulae (F) and (G) of Art. 8, (5). 


7. Show that 
CIH B, + C5 12"-2B, 24+ Cit12"-§B, ate rL. 
[Expand (2n + 1)"+! — (2n —1)"*1.] 


CHAPTER IX 
DETERMINANTS 


1. Notation. Many complicated expressions can be easily handled if 
they are expressed as ‘ determinants.’ The theory which we are about to 
explain arises in connection with linear equations. 

If the equations a,2+6,=0, az +b,=0 are satisfied by the same value 
of x, then a,b,—a,b,=0. The expression a,b, — a,b, is called a determinant 
of the second order, and is denoted by 
a, bii, orby (aba). 


A, b 


Next consider the system 
ajx +biy +ci=0, ae+by+cg=0, a£ + by +c3=0. 

If these equations are satisfied by the same values of z and y, it 1s easy 

to show that 
a (BaC3 — bya) + By (Cog — C302) + Oy (aab — A3hy) = 0. 

The expression on the left is called a determinant of the third order, and 

is denoted by 
ad, b ¢ |, or by (a,bg¢5). 


This determinant in its expanded form is 
In considering the form of this-expression, observe that : 


(i) Disregarding the signs, the terms can be obtained by writing the 
‘letters a, b, c in their natural order and arranging the suffixes in all possible 
ways. The number of arrangements is | 3, giving six terms. 


(ii) The sign of any particular term depends on the order of the suffixes. 

As in Ch. IV, 4, (1), the interchange of two suffixes, 2, 3, for example, 
is called the transposition (2 3). 

The term a,b,c,, in which the suffixes occur in their natural order, has 
the sign +. 
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The sign of any other term is + or —, according as the arrangement of 
the suffixes in that term is derived from the arrangement 1 2 3 by an even 
or by an odd number of transpositions. Thus, considering the second and 
third terms, 123 is changed to 132 by the single transposition (2 3). 
Also 123 is changed to 231 by the two transpositions (1 2), (1 3) performed 
in this order. These ideas will now be generalised. 


2. Definition of a Determinant. By means of n letters 
a, b, c,... l, and n suffixes 1, 2, 3, ... n, we can represent n? numbers thus, 


The determinant of the nth order, denoted by 


Gy b Geeky le OF DY (baeban) 


G Da Caise la 
is defined as the sum of all the products, each with the sign determined 
by the rule below, which can be formed by writing the letters a, b, c, ... I 
in their natural order and arranging the suffixes in all possible orders. 

Rule of Signs. The sign of the term a,b,c, ...1,, where the suffixes 
occur in their natural order, is +. The sign of any other term is + or —, 
according as the arrangement of suffixes in that term is derived from the 
arrangement 123...” by an even or by an odd number of transpositions 
(that is, by an even or an odd substitution). 

Thos rule is justified by Theorem 2 of Ch. IV, 4. 

Each of the n? numbers a,, 0, ... de, be, ... is called an element of the 
determinant. 

The diagonal through the left-hand top corner, which contains the 
elements @,, bz, c3,...1,, 18 called the leading or principal diagonal, and 
abac; ... lp is called the leading term. 

The expanded form of the determinant has | n terms: half of these have 
the sign + and half the sign —. 

For suppose that there are p terms of the first sort and q of the second. 
Since the interchange of the two suffixes transforms a positive into a 
negative term, p<q. Similarly g<p, and therefore p=q. 

Every term contains one element and one only from each row, and one 
element and one only from each column. We can find the sign of any 
particular term by the rule at the end of Art. 4, Ch. IV. 
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Ex.1. Inthe expanded form of (a,bgcgd,e,), find the signs of (i) a,biCsdi€z, (ii) asbgCgd yey. 
(i) or : i s j=0 2 4)(3 5) = (1 2)(2 4)(3 5), and the signis —~. (The last step is 
unnecessary if we use the rule referred to.) 
Or, we may make single transpositions, as follows, 
24513, 14523, 12543, 12345, 
showing that three of these are required, and so the sign is —. 
(ii) (i oe Et 5)(2 4), and the sign is +. 


Or if, as some text-books advise, we count the number of ‘ inversions’ (Ch. IV, 4) 
in the arrangements of the suffixes in (i) and (ii), these are 5 and 10 respectively—the 
first odd and the second even, giving the same results. But this takes much longer. 


3. Theorem. A determinant is unaltered by changing its rows into 
columns and its columns into rows. 


3 — f: =a 
Let A=|a b aj, 4 = Ay Ay, as 
az bs Cz | | Cy C2 © 


The leading term of cach determinant 1s a,b9¢3. 

The remaining terms of A are derived from a,b,c, by keeping the letters 
in their natural order and arranging the suffixes in all possible ways, an 
interchange of two suffixes producing a change of sign. 

The remaining terms of 4’ are derived from a,b,c, by keeping the suffixes 
in their natural order and arranging the letters in all possible ways, an 
interchange of two letters producing a change of sign. 

The results in the two cases are identical. The same argument applies 
to a determinant of any order. 


4. Theorem. The interchange of two rows, or of two columns, changes 
the sign of a determinant without altering its numerical value. 


For the interchange of two rows is equivalent to the interchange of the 
suffixes, and the interchange of two columns is equivalent to the inter- 
change of two letters. Hence in either case the sign of every term of the 
determinant is changed. 


5. Theorem. A determinant in which two rows or two columns are 
identical is equal to zero. 

If two rows or two columns of a determinant J are identical, the value 
of 4 is unaltered by the mterchange of these rows or columns. 

But this interchange transforms 4 into — 4, therefore 


A=-A, and 4A=0. 
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6. Expansion of a Determinant in Terms of the Elements 
of any Row or Column. 


da bz Cy 
dy Oy Cs 


Every term in the expansion of 4 contains one element and one only 
from each row, and one element and one only from each column. 
Hence, 4 can be expressed in any of the six forms : 


a,A,+6,B,+¢,C,, a,A,+a,4,+0,A5, 
a,4,+b,B,+¢,Cz, 6,B,+b,B, + b;Bs, 
@,A,+6,B,+¢3C3, €,C,+¢,.C,+¢3Cs, 


where A, contains no element from the row or column containing a,, a 
similar remark applying to every A, B and C. 

To determine A,, every term of 4 which contains a, can be obtained 
from abc, by keeping the letters in the natural order, retaining 1 as the 
suffix of a and arranging the other suffixes in all possible orders, the inter- 
change of two suffixes producing a change of sign. 

Hence A, is equal to the determinant (6,c;), obtained by erasing the 
row and column in 4 which contain a. 

To determine any other coefficient, say C, By the interchange of 
consecutive rows, bring the row containing c, to the top. By the 
interchange of consecutive columns, bring the column containing cz 
to the extreme left. 

Thus we have in succession 

| d, by C3), |, ag by |, 
a, b G cC a, b 
da bz Cy Cy A, b 
and now c, occupies the top left-hand corner, and the relative positions 
of the elements not belonging to the row and column containing c} is 


unaltered. 
Every interchange of rows or of columns introduces a change of sign. 


The number of interchanges is equal to the number oe i a 
of vertical and horizontal ‘ moves’ (indicated by arrows) - 3 f 
required to bring c, to the left-hand top corner, which in i 
this case is 4. e. G 


Hence, C, is equal to the determinant obtained by erasing the row and 
column containing c}, multiplied by (-—1)$. 
Similar reasoning applies to a determinant of any order. 
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Ex. 1. Expand the determinant 4 =(a,b,c,) with reference to the elements (i) in the 
first row, (ii) in the second column. 


The results are 


(i) d= a, |b, cy |— bi] ag cg | +e,| a bal, 
3 C3 a3 Cs a, bsg 
(ii) d= -b | a, cg | +0,| ay Cy | ~ 4s a, Cy 
Az C3 as Cz | az Cy 
Hx. 2. Prove that 
ah g | = abe + 2fgh — af? — bg? — chè. 
h b f! 
g fel 
Expanding with reference to the first row, 
A=alb fli-hih f\+gih b 
fe| g c lg f 


=a(be - f?) —h(he — fg) +9 (Af — bg) 
=abe + 2fgh — af? — bg? -ch?. 


7. Minors and Cofactors. For the determinant 
A =(a,b,... l,), 
the minor of any element is the determinant obtained by omitting from 4 
the row and column containing the element. 

The cofactor (H,) of an element (h,) is the coefficient of that element in 
the expanded form of 4, and is therefore equal to the corresponding minor 
with the proper sign prefixed. 

The sign is determined as follows: Count the number of interchanges 
of consecutive rows and columns (i.e. of vertical and horizontal * moves ’) 
required to bring the element to the left-hand top corner. The sign is + 
or —, according as this number is even or odd. The rule may be stated 
thus. For the element h, which is in the r-th row and the s-th column, 


the cofactor H,=(-—1)"+s . (the minor of h,). 


For the number of ‘ moves’ required to bring h, to the left-hand top corner 
is (r—1)+(s—-1). 


Ex. 1. Find the cofactors of d, and c, in the determinant A = (a,b9¢4d,). 
Omitting the row and column which contain d,, it will be seen that 


the minor of d, =(a,b,¢,). 
Denote the cofactors in question by D,, C,; by the rule given above 
Dy =( — 1)? *4(a,b5¢4) = (a,b3C4). 
Similarly C,=(—1)*t3(a,b,d3) = — (a,5,d,). 


The student who is acquainted with ‘ partial differentiation’ should observe that 


B.C.A. 
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8. Important Identities. For the determinant 
A = (a,b2¢5) 
we have a number of identities of the following types: 
(i) 2,4, +6,B,+¢.C,=0, (11) 6,4, +6,A,+ 6,4, =0. 

where A,, B,, ... are the cofactors of a,, bj, -... 

For A=a,A,+b,B,+¢,C,, 
where A,, B,, C, are independent of a,, b,, c Hence the expression 

a,A,+b,B,+c,C, 
is the result of substituting as, bz, Ca for a,, bi, & in 4, and is therefore 
equal to a determinant with two rows identical, therefore 
,4,+6,B, +C} =0. 

The second identity is obtained by putting b,, bo, b3 for a,, ag, a, in the 

equality A=4a,A,+a,A,+a,Asz. 


Similar identities hold for determinants of any order. 


9. Theorem. If every clement in any row, or in any column, of a deter- 
minant is multiplied by a number k, then the determinant is multiplied by k. 
For every term in the expansion of a determinant 4 contains one 


element and one only out of each row, and one element and one only out 
of each column. 


Thus 
i ” * a jr | ee a 
ka, kb, ke, |=k.| ay b c |=| ka b a 
a, by Cy do by Co kag by Cz 
ad, bs Cg a, bs c| | kag bs 6, 


Conversely, if all the elements in any row, or in any column, have a 
common factor k, then k is a factor of the determinant, and can be taken 
outside. 


10. Theorem. A determinant can be expressed as the sum of two deter- 
minanis by expressing every element in any row or column as the sum of two 


numbers. 
For example, we shall prove that 
Astay bz Cə Aa, bz Cy a by Cy 
Qz +tæz b3 Cy | ag bg Cg a, bg Cy 


Denote the determinants on the right by 4, 4’, and the one on the left 
by 4”. 
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where A,, A,, A, are independent of a,, ao, as. 


Now 4’ is obtained from A by substituting a, a, % for a, Qo, as. 


1: k . . 
And A” is obtained from 4 by substituting a, +æ, aa +a, az +æz for 


Hence A’ =0,A,+0,4,+0,4,, 
and A” = (a, +a) A, + (dy +g) Ag + (ag +03) As ; 
oA a= Ad’, 


Similar reasoning applies in all cases. 


11. Theorem. A determinant is unaltered by adding to the elements of 
any row (or column) k tumes the corresponding elements of any other row 
(or column), where k is any given number. 


For example, we shall prove that 


a,+kb, b aisla bh G 
da +kb, by Cy dy: by Cy 
azt+kb; by c3| | a bs G 


Denoting the determinant on the right by 4 and that on the left by 4’, 


we have A’=|a, 6, co, |+!| kb, b a 
A, ba Co kb, by Cg 
a, bs Cy kb, b} Cz 
Now | kb, 6b, ¢, | =k) 6, Ob, oc, | =O. 
kb, by oy ba by Cy 
kbs b} Cg | bs bs Cy 
aAa 


Note that by a second application of the above, 


ha, +kb,+lc, b ¢, |=h| a, b G 
hag+kba+leg ba C do ba Cy 
| haz + kb, +le, b} c ad, bs Cs | 
Note. In simplifying determinants the following points should be carefuily 
observed. 
(i) When, as in the last part of Art. 11, a column (or row) is replaced by one which 
contains the elements of that column (or row) all multiplied by a number A, then 
the determinant is multiplied by h. For instance, if the second column is subtracted 


from the first, and the remainders are put in the second column, the sign of the deter- 
minant is changed. 


(ii) When more than one column (or row) is changed by a succession of changes of 
this kind, at least on: column (or row) must be left unaltered, as in Art. 13, Ex. 1. 
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12. Theorem. Ifthe elements of a determinant A are rational integral 
functions of x and two rows (or columns) become identical when x=a, 
then x —a is a factor of A. 

For 4 can be expressed as a polynomial in z, and 4=0 when z=4đ; 
so that the result follows by the Remainder theorem. 

b)( Again, afr rows become identical when a is substituted for x, then (x-a) -t 
is a factor of A.) 

For r—1 of these rows can be replaced by rows in which the elements 
are the differences of corresponding elements in the original rows ; hence 
x-a is a factor of all the elements in each of these (r—1) substituted 
rows ; and the result follows. 


13. Examples. The determinant in question is denoted by 4. 

133 9 R2 4 

71 3 5l. 
1 5 | 


Ex. 1. Find the value of the determinant on the right. : 6) 8 7 1 
| 


l4 6 15 | 
We have 
A= 6 1 I-l 0 0 0 =- 14; 
13-3 -1 -22) 119 -2 -23 -2 
|7 7 -4 =- 9 | 31 ll -13 9 
Li eb 28 213-202. oh. 22) a 
"A= 19 -2 -2]=!19 - 2 -23 
31 11 -13 31 ll -13 | 
62 3-21; |; 0O -19 5| 


Expanding with reference to the bottom row, - 

4=19(-19.18+23.31)4+509.114+2.31)=10209. 

[In the first step, the 3rd column is taken from the 2nd to form a new 2nd column, 
the Ist column is taken from the 3rd to form a new 3rd column, and twice the ist 
column is taken from the 4th to form a new 4th column. In the second step, six times 
the 3rd column is taken from the Ist, the 3rd is subtracted from the 2nd, and the 
4th added to the 3rd. 


Ex. 2. Prove that 


1 1 1 1 [= ~(B=-y)(y-«) (a -B)(« - 8) (B -8)(y - 8). 
a R y 68 
a? ft y 98? 
a pe x8 S 


If «=f, two columns in A are identical, and consequently a-—f is a factor of 4. 
Similarly $ —y, etc., are factors. Hence 
A=k(B — y)(y ~a)(o - B)(« - 8)(B - 8)(y - ô). 
Since 4 is of the sixth degree in a, $, ... , k is independent of th»se quantities. Now 
the term ĝy?ô3 occurs in 4, and on the right-hand side the coefficient of this term is 
— k, therefore k= —1. 
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Ez.3. Ifwis a cube root of unity, prove that a+ bw +cw? ts a factor of 


a be 
b c a 
c a b 


Hence show that the determinant is equal to 
— (a3 + b3 +c? — 3abe). 
To the first column add w times the second and w? times the third, therefore 


A=! atbwtew? b c 


=(a+bw+ew?)!| 1 a cjl; 
butai c a w b a 
PERE a b w a b 
°. at+bw+cw* is a factor of 4, similarly a+bw?+cw and a+b+c are factors. 


The rest follows as in Ex. 2. 


This method applies to a determinant of any order in which the second row 


ws derived from the first, the third from the second, and so on, by a cyclic 
substitution. 


Ex. 4. Prove that | 
(b +c)? a? a =2abc(a +b +c), 
b (c +a)? b2 
c? c? (a +b) 
A=| (b+c} a®-(b+c)? a?-(b+e)} | =(a+b+c)} | (b+c)? a-b-c a-b-c 
b? (c+a)? -b? 0 b? c+a-—b 0 
c? 0 (a+b)? —c? c? 0 a+b-c 


eee, 


Subtracting the sum of the second and third rows from the first and taking 2 outside, 


4=2(a+b+c)*? | be -c —b _ 2(a+b+c)* | be 0 0 
b c+a-b 0 = bc b? be+ba b? 
c? 0 a+b—c c? c? ac +bc 
In the last step the first column is added to b times the second and to ¢ times the 


third, which is equivalent to multiplying by be ; 
ne A =2(a +b +c)*{be(c +a)(a +b) — b2c?} 
= 2abc(a +b +c)’. 


Alternatively. If we substitute 0 for a, 


=| (6+c)? 0 0 |=0; 
b2 c? b? 
c? c? b? 


hence @ is a factor; and similarly b and c are factors. 
Again, if — (b+c) is substituted for a, 


A=|(-a) æ a? |; 
a o 
| o œ (-o} 


and in this there are three identical columns; hence, by Art. 12, (a+6+c)? is a 
factor of 4. 
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Hence, since 4 is of the sixth degree, 
A=Nabc(a+b+c}; 
the remaining factor necessarily being of the first degree and symmetrical, since the 


cyclic substitution (a, b,c) gives a determinant equal to 4. 
Putting a=1, b=1,c=1, we have 


ft 


whence N = 2. 


EXERCISE XV 
A. SIMPLE EVALUATIONS 
1. The positive terms in the expansion of (a,b,c) are 
A1b.C53, OCs Calab. 


Hence the rule of Sarrus, which is as follows : 


Ar. bias] 
Negative a Ba by g C Positive 
, terms are 2- KA A terms 
Xi S `N e a = wile aS a I ~ 
@, 0, Ca liO sg Sree Oe Tsa 
A Te “lg TI Abych -A7 -bR Or. 24,056, 
ly 62 -C2 Mg b2 d 03g ae Ay bye, “2A, b yc, 
a. bc. a,b pb, C34" ~*036409 
a 3. 3,7 3, 3. Be sum=N D=P-N sum=P 
Fig. 26 


The determinant (a,b,c,) is the sum of the products of the three elements lying 
on each of the six lines in the above diagram on the left, the sign of the product 
being + or — according as the line which determines it is drawn downwards or 
upwards, proceeding from left to right. 

A more convenient way of using the rule in numerical cases is shown on the 
right. 


2. Apply the rule of Ex. 1 to show that 
a h g \=abc+2fgh -af? — bg? -ch?. 
h b f 
gf c 
3. Show that, in the expansion of (a,6,c,d,), the following terms occur : 
+b,C.Q,d,, +¢,0,0,d,, +4,b.c3d,, 
+@,d.b,C,, +0 d,c,a,, +0¢,d,050,, 


and that the other positive terms are obtained from these by the substitution 
(12)(34). 
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4. If T is any term in the expansion of (a,b,c, ...) and another term T” is 
derived from T by a cyclic substitution involving r letters, the order of the 
suffixes being unchanged, then T and T” have the same sign, or opposite 
signs, according as r is odd or even. [Exx. 1 and 3 are instances. ] 


5. In the determinant (a,b,c, ...1,), the sign of the term Gybn_ien_2-.. hy 
forming the ‘ second diagonal’ has the sign + if and only if n is of the form 4k 
or 4k +1. 


6. In the expansion of (a,b,c,d,e,) show that the terms + a,b5c,d,¢3, — @gb4C x2 €, 
occur. 


7. In the expansion of (a,b,c.d,e,f,) show that the terms +4,b,C.d,esf,, 
+a,b,C,d.e,f, occur. 


8. Expand the following : 


GQ); a b 0J. (i) | 2ab @ b? |. (iii) 7 ll 13 
0a b a? 63 2ab 17 19 23 
b Oa b ?2ab a? 29 31 37 


9. Prove that 


(i) | 1? 2? 3? |=—-8. (ii) | 1? 2? 3? 4? |=0. 
22 32 42 22 32 42 §2 
32 £ p? 32 42? 52 6? 
42 5 6 7! 
(iu) |l a @ 0 |=1+a‘t+a’. (iv) |a b b 6|=-(a-b) 
0 1 a «ai a baa 
a 0 1 a aa ba 
a a O 1 b b ba 
(v) | 1 +a? -—b? 2ab — 2b =(1+a?+6?)%. 
2ab l —a? +6? 2a 
2b — 2a l —- a? —- b? 
10. Prove that 
l-t m Ny 
l Mg —t The 
ls Ms Ns, — t 
is equal to -BAL HM +n) -t(Li + M, +N) + (Mans), 


where L,, M,, N, are the cofactors of li, Ma, ms in (lumna). 


11. Prove that 


£ l m 1|=(2-a)(z-p)(2-y), 
a v n 1 . 
a Bp x l 
a B y 1l 


where l, m, n have any values whatever. 
[From the first, second and third columns respectively take «, 8, y times the 
fourth column. |] 
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12. Prove that 


| a b c d |=(a° +b? +e +d. 
| —b a -d c 
| b 


—C d a - 
| -d =c b a 
[Multiply the rows by a, —-b, —c, -d to form a new top row. ] 


i 13. Prove that 


! l+a, 1 l l ere heteket grl 
1 l-+a, 1 l | eee a ae. tie eh 
l l l +a; l 
l l l l +da 


and that a similar result holds for a determinant of the nth order and of this 
form. 

[Subtract the top row from each of the others and expand with reference to 
the top row.] 


14. If u =axt +4 4br? +6cx?+ 4dxr+e and u, =ax? -+ 2bx +6, U =bx? +2cxr4+d, 
Uo, =Cx* + 2dx +e, prove that 


b c d ug 
c d @ up 
Uy, Uy Ug, O 


la b c a a 


[From the fourth column subtract z? times the first column, 2x times the 
second, and the third. ] 


15. If u=ax? + 2bey+cy?, uw’ =a’x? + 2b’xy+c’y?, prove that 
l 


y 


u we ,, 
ax+by a’c-+b’y | 


yè? -zy xl | ax+by bæ+cy 
a b c | a’x+b’y b’x+c’y 


[Add x times the second column to y times the third: then add x times the 
first column to y times the second.] 
16. Prove that 


a b ax + by 
b c bx + cy 
ax+by bx+cy 0 
[Multiply the first column by z, the second by y, and subtract from the third.] 


= — (ac — b?) (ax? + 2bxy -+ cy’). 


17. Prove that the determinant 


|a-x b c d 
b c-x d a 
c d a-x b 
d a b C-t 


is equal to (x -a-~b=c-d)(z~a+b-c+d){zr? - (a - c)? ~ (b - d)*}. 
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B. METHOD OF FACTORS 


18. Prove that x+a b c d |=æ(x+a+b+c+d). 
a x+b c d 
a b x+c d 
+ 


a b C x+d 


19. If 2s=a+b+c, prove that 


| @ (s-a)? (s-a)? |=:283(s —a)(s ~b)(s —c). 
(s —b)* b? (s --b)? 
(s—c)* (s ~c)? c? 


[Show that s*, s—a, s—b, s--¢ are factors: deduce that Ns is the remaining 
factor, and find V by putting a=2, b=0, c=0.] 


20. Express the following in factors : 


G) |l 1 1 Gi) ll 1 1 (ii) | py pty 1I 
a R y a B y vA vt+A 1 
a B y x B y? Ap Atp 1 
21. Prove that * 
| be be’ +b’e b'e | =(be’)(ca’)(ab’) 


ca ca’+c’a ca 
ab ab’ +ab ab’ 

[Divide the first row by b’c’, the second by c'a’, the third by a'b’. Put aja’ =à, 
b/b’ = p, c/c’ =v, and use the last example. ] 


22. If A= By+a6, p=ya+ Pd, v =aß + yë, prove that 


1 1 1 |=~(B-y)(y-«)(a—B)(« -8)(B -8)(y - 8). 
A p v 
2 p? y? 


Hence show that the following determinant has the same value : 
| Bry? +a By +05 1 |. 

ya? + 252 ya t+ Bd 1l 

xp? +y aB+yd 1 


23. Prove that 
ee a = —(B-y)(y— a) (a — B)(% — «) (x - p) (x - y). 
a 

P PeR 

Y 

By equating the coefficients of x on each side, show that 

a? 1 |=: -—(B-y)(y—«)(«— B)(By + yx + ap). 

pe B 1l 

yw TT 


1 
l 
1 
l 


3 
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24. If w is a root of zt =1, show that a+bw+cw?+dw? is a factor of 
abcd 
b cda 
c da b 
d a b c 
Hence show that the determinant is equal to 
~(a+b+c+d)(a—b+c-—d){(a—c)?+(b —d)?}. 


14. Minors of a Determinant. The determinant obtained by 
omitting any number of rows and the same number of columns from a 
given determinant 4 is called a minor of 4. 

If we omit two rows and two columns, the resulting determinant is 
called a second minor, and so on. 

If from 4 we omit the rows and columns which contain every element 
of a given minor, we get another minor which is said to be complementary 
to the first. Thus (aba) and (c,d,e;) are complementary minors of 


(a1baczd4e5). 
By the interchange of rows and columns, any minor of A can be put 


into the left-hand top corner, and then the complementary minor can be 
seen at a glance. 


15. Expansion of a Determinant by means of its Second 
Minors. Consider the determinant 
A =(a,boCad yes). 
In the expansion of 4, the sum of the terms which contain a,b, is 
Ayo (Ca 45), 
and the sum of those which contain a,b, 18 — ab; (c3d4e;). Hence every 
term in the product (a,b,)(csd,e;) occurs in the expansion. 
Again, every term in 4 contains one element out of the first row and 
one out of the second, and these elements have different suffixes. 
Hence A is equal to the sum of all the products, each with its proper 
sign, of the form 
(a ba) (es 4€5), 
where the first factor is any minor formed from elements of the first two 
rows (or of the first two columns), and the second is the complementary 
minor. 
The sign of a product is determined as follows. Take, for example, 


(5,42) (AgCye5). 
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In the expansion of this product, the term b,d,a,c,e, occurs. Keeping the 
suffixes in the same order, observe that 
| ( abcde 
bdace 
Therefore, in the expansion of 4, this term occurs with a negative sign, 
and the sign of the product is —. 


) = (abdc) = (ab) (bd) (de). 


More generally, if any two rows of a determinant 4 are 
Ge Oe. Casas. cet dees Beas 
dp Dp: Cp ix Nip tee Ryn, 5 
where h,, hy belong to the sth column and k,, k, to the s’th column, then 
A =2(—1)"t’+8+8' (hk) . (the complementary minor of (h, k,’)). 

The summation is to include all the minors which can be formed from 
the two rows. The sign of the product may be determined as above, or as 
in Art. 7 by counting the number of ‘ moves’ required to bring h, to the 
place occupied by a, and ky to the place occupied by dg. 

Thus, in the instance given above, the sign of (b,d,)(a,¢,¢,) is given by 
(=en 

In a similar way we can expand a determinant in terms of the rth 
minors which can be formed from any r rows (or columns). 


Note. In the ‘ double-suffix’ notation of Art. 20, the rule takes the 
following convenient form: In (a,,4,,...)(complementary minor), the 
sign is (—1])Ptatrt+st... | 


Ex.1. Expand A = (a,b,c,d) in terms of the minors of the rows containing a, and ay. 
It is easy to verify that ` 


A = (by Cy) (Aada) + (C102) (bada) + (2459) (Cady) 
+ (aida) (bCa) + (b1d3) (C304) + (cida) (aab4). 


Ex. 2. Prove that if 


A=] a 6 ¢ 0 0 0|, and 4’=|0 0 0 ab G 
aa b & 0 0 0 0 0 O ay Db} C 
ad; bs cg 0 0 O 0 0 0 a, b G 
An hy kom ny, Ll mM ee man NY 
Pa qd. te lha Mm Ny l Mm Ny Pe We n3 
Pa la Ta l mg n l, Mm, ng Pa fa "3 


then A =(a,b,Cq) . (MN), and A’ =(-— 1) (aib:Ca) . (lmang). 

Considering the minors of 4, which can be formed from the elements of the first 
three rows, the only ove not equal to zero is (a,5,c,), and the complementary minor is 
(limn). Moreover, the term a,b,c,l,m,7, occurs in the expansion of 4, therefore 

A = (abaca) . (lmang). 

Again, 4 is transformed into 4’ by- the interchange of the first and fourth, the 

second and fifth and the third and sixth columns. Whence the second result follows. 
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16. Product of Two Determinants of the same Order. 
As a typical case we shall prove that 


al bm, a,l,+b,m, 
Qol t+ bom, Aola + bymg 


a, b |. 
as b | 


l m 
l m 


Denote the determinants on the left by 4 and 4’; then we have 


4A’=| a, 6 0O O {=| a, b, alt+bdym, al, +bym, |, 
a bO O A by al, +bym, aol. + bymMg 
-1 © lp d -1 0 0 0 
O -im m 0 -l1 0 O 


where the second determinant is obtained from the first as follows : To 
the third column add I, times the first and m, times the second: to the 
fourth column add l, times the first and m, times the second. 
Hence, as in the last example, 
AA’ =(-1)}.]| al tbm, ail +bM, 
| aali + bygm, dola + bymey 


whence the result. 
The product of two determinants of the n-th order (nœ>2) can be expressed 
ina similar form, and by the same method. 


Second method. It is required to show that (a,b,c,) . (limang) = 4, where 


A=| al tbm ten, aila +b Ma +CMng a,l,+bym,+en, 
Aol, OM + CoM, Aala + bgMg+CoNg Agha + bzMg + Cang 


Azli +bgM,+Cgh, AglatbgMg+ CaN Agls + b,m, + CaNy 


The determinant J is the sum of 27 determinants, two of which are 
bm, aila eng | and 


bom, bm, alg |» 
bm, aalo Cang | 


bom, bem, dalz 
bem, bem Agly 


| 
| 
| bM aglo Cg | | 


waich are the same as 


Milang | bD a & | and MM | b b a 
by -üz Cy b, by ay 

| 
bs az Cz | | bs bs a 


The second of these is zero, and the first 1s equal to 
Milgng (614903) = — MylyNz (A195). 
With regard to the sign, observe that lman 1s transformed into mln, 


by the same number of interchanges of letters as those required to change 
a,b,c, into b,a,c,. This number is odd, and therefore the sign is —. 


Of the 27 determinants, all are equal to zero except the six of the first 
type, in which a’s are in one column, b’s in another and c’s in the third. 


RECTANGULAR ARRAYS 135 


Moreover, for reasons similar to the above, (a,b9c3) is a factor of each of the 
six, and the other factor is a term (with the proper sign) of (l Mns), there- 


fore A = (abots) . (li Mona). 


A similar result holds for determinants of the nth order (n=4, 5 ...). 


17. Rectangular Arrays. A number of symbols arranged in rows 
and columns is called a rectangular array. 

If the number of rows is not equal to the number of columns, the array 
is generally enclosed by double lines, and is sometimes called a matriz. 


(1) Let the number of columns exceed the number of rows. 


| 


| 


Proceeding as in the last article, we form the determinant 


Consider the arrays ‘a, b G | 


Li 


Lom, nn |- 
ly Mo Nog | 


A=! al, +bım +n, aly + yng + cng 
| azl +bym,+CgN, Aala + bgmg + Cony 


By reasoning similar to that in Art. 16 it will be seen that 
A = (415g) (lima) + (D12) (Mna) + (1a) (ılə). 
This process is called multiplying the arrays. 


In general, the determinant formed thus from two such arrays is equal to 
the sum of the products obtained by multiplying every determinant which can 
be formed from one array by the corresponding determinant formed from the 
other array. 


(2) Let the number of rows exceed the number of columns. 


If from the arrays ia, b I? | Ty m | ; 
| a, by | by ma | 
las bi dy mi 


we form the determinant 
=| a,l,+b,m, aila tbm, a,l,+b,m, |, 
Aol, +bom, Aglot+bymy Aalz +b,m, 
azli tOM, Qala +bzMo azla + bM, 


it will be seen that 4=0. This follows, as in Art. 16, or from the fact that 


= Qı b 1 0 | . | l My, 0 
a, ba O | lL m O 
| As ba 0 | l, Ms 0 


In general, the determinant formed by multiplying two such arrays 1s zero. 
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Ex. 1. If s,=a"+B"+y"+8", prove that 


| So si ~ 8 Sı 8% == di (x -BPB -yF (y -a}, 
8, 32 8, S2 83 
Sa 8, S% 


Čo 
(~ 
© 
pt 
Co 
ao 
f 
w 
li 


(x -B}(B- y}? (y — a)? (x-8) (B - 8?) (y - 8)?. 


83 S4 Ss 8e 


The first two results are obtained by squaring the arrays 


1 1 1 1), l ] 1 1 il. 
a By 8 a Bp yp 8 
a? B y 8 


The last is got by squaring the determinant in Ex. 2 of Art. 13. 


Ex.2. Prove that 

(a, -6,)? (a-b) (a, — 55)? 
(aa — b1)? (a-b)? (a; — 55)? 
(a3 —6,)? (a3 — 62)? (a3 — b3} 


18 equal to 
2 (a — ay) (ag — a3) (a3 — ay) (bı — bg) (bz — ba) (b3 — b1). 
This result is obtained by forming the product 


a? a 1 1 -2b, b? 
a a, 1 1 2b, b, 


18. Reciprocal Determinants. Let 4=(a,),... kn) and 
A’ =(A,B, ... Kn), 

where A,, B, ... are the cofactors of a, b,,...1n 4. For reasons connected 
with linear transformations, A,, 8,,... are sometimes called inverse 
elements, and J’ is called the reciprocal determinant. 

(1) If A is a determinant of the n-th order and A’ is the reciprocal deter- 
minant, then A = An- 

The following method applies in all cases. Let 4=(a,b,c,), then using 


identities of the type 
a,4,+6,B,+¢,C,=4, 


a,A, + b,B, + eC, = 0, 


it will be seen that 


whence it follows that A’ = 4&4. 
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(2) Any minor of A’ of order r is equal to the complement of the corre- 
sponding minor of A multiplied by A’-1, provided that AO. 
As a typical instance, let 4 =(a,b,c,d,). We shall prove that, if 440, 


then (A,B,) = (c3d4). 4 and (A,B,C3) = 4,4”. 

We have 
a, 6, co, d,|.| A, B C, D,|=|4 0 & d, 4]; 
a, b> Cy d A, B, C, D, 0 4 & d, 
az bs c d 0 0 1 0 0 0 ¢ d 
a, dy Cy dy 0 0 0 1 0 0 a d 

therefore 


A (A,B,)=A?(cgdy) and (A,By)=4 . (cada). 
The second identity is obtained by multiplying 4 by 


19. Two Methods of Expansion. 
(1) With reference to the elements of a row and column. 
Let A= , and K=|a, b ¢, Ll 


a, by Cy m 


Ay by Cy 


Let A,, B,, ... be the cofactors of a,, b,,... in A. 


In the expansion of K, the sum of the terms containing r is Ar: every 
other term contains one of the three J, m, n and one of the three l’, m’, n’. 


Again,| a, l | and | b} c | are complementary minors of 4; 
V r bs Cy 
hence, coefficient of ll’ in K = — coefficient of a,r in K 
= —coefficient of a, in 4= - Å; 
and similarly, 
coefficient of mn’ in K = — coefficient of cor in K 
= — coefficient of c, in d= —C,. 


Thus it will be seen that 
K = Ar —{A,W’ + Bymm' + Cynn’ + Cmn 
+ Bym'n + Agnl’ + Cn'l+ B lm’ +A l'm}. 


138 DOUBLE-SUFFIX NOTATION 


(2) With reference to a diagonal. 
Let A=|0 b a d], and A=) az, 0, c d, 
a O & d, Gy Ty Co d 


2 
ad, bs O dy a, 6, 25° ds 
dy by cy O A, by Cy T4 


Let A,, B,, C3, D, be the cofactors of the elements in the leading diagonal 
of 4, then the value of A is 


Ly Lola, — (LoL Aq + LyX \doby + Ly Aod4Cq +X LybaCg + LoL4CyAg + T3Lqod,) 
Note that the expression in brackets is the sum of T £d}, £,2%,b,C. and 


terms derived from these by the cyclic transpositions (abc), (123). 
The verification is left to the reader. 


20. Definitions. A determinant of the nth order is often written 


in the form 
(yy Aig yg «+. Ain | = (ail e Ann) 


Any Ang Ong +++ Ann 
Denoting any element by a,,, the determinant is said to be symmetric 
if a,,=a,, If a,,=—-a,,, the determinant is skew-symmetric: it is 
implied that all the elements in the leading diagonal are zero. 


For example, if 


k a hg l le L=| QO 2 yf, 
h b fm -z7 0 g 
g fen gy: ee, O 
il mn Ol 


the determinant A is symmetric and L is skew-symmetric. We also say 
that the first determinant is bordered by l, m, n. 


21. Symmetric Determinants. 

(1) If A.s, Ag, are the cofactors of the elements d,s, as of a symmetric 
determinant A, then A,, = A,g,. 

For A,, is transformed into A,, by changing rows into columns. 


\ 
Ay, = | Qi Ayg [= —| Sy Ag, | = a Gy, yg | = Asp. 
| As, Azo Qiz Age | Qe, a3 
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(2) For the determinants 4=| a h g|, K=|a h g lj}, 
h b f h b fm 
gfe g fen 

lmn Q0 


we have the following important relations : 
(i) BC - F?=4a, GH -AF =f, etc. ; 
(ii) K = — (AP + Bm? + On? +2Fmn + 2Gnl +2Hlm), 


where A, B, ... are the cofactors of a, b,... in JZ. 
These follow from Arts. 18, 19. 


(3) Consider the following symmetric determinants : 


A=|a h g|, K=|a hg l 
hb f h b fm 
9 fe g fen 

lmn r 


Let A, B,... be the cofactors of a, b,... in 4. We shall prove that, 
uf A =0, then AK = -(Al+Hm+Gn’. 
Because 4 =0, the coefficient of r in the expansion of K is zero, therefore 
— AK = A (AP + Bm? + Cn? +2Fmn + 2Gnl + 2Hlm). 
Moreover, AB-A?=dc, CA-@=4b, GH-AF=Af, ete. 
Hence AB=H?, AC=6?, AF=GH, ete., and therefore 
— AK = ALP + H?m? + @n? + 2GHmn + 2AGnl +24AHlm=(Al + Hm + Gn)?. 
In the same way we can prove that 
—- BK =(Hl+ Bm+Fn}? and —CK=(Gl+ Fm+Cn). 
More generally, using the notation of Art. 20, let 
A = (441429 --- Ann) An-1= (041429 --- Gnas n1) 
the determinants being symmetric, and let A,,, Ayo, ... be the cofactors of a;i, 
Aiz M A, ,. Then, if 4,_,=9, 
Ay, Ayn = — (Ay Ain + Áron +... + Ags nin- n)? 
with similar values for Asn, Azn- 
For, expanding as in Art. 19, (1), since a,,=a,,, A,-=A,, and 
4,-,=0, we have 4, = —(A,101,7+ AgoGon? +... + 2A joi nFon +.) 
Now, since 4,_,=0, every minor of the reciprocal determinant 
(Ay Age... Án- na) 
is zero. Hence, by Art. 18, (2), AyAp,,=Ay,? and A,,4,,=4,,Aj¢- 
Using such identities, it follows that A,,4, has the value stated. 
K B.C.A. 
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(4) The following result 1s of great importance. 
Consider the symmetric determinants 


a-r h |, |a-x A g |, | a-z h g l 
h 6-2 h b-x f h b-x f m 
g f c-r g f c-x n 

l m n d-x 


Denote these by A,, 45, A, Let A =a-zx, and suppose the sequence 
lı, dz, A, ... to be continued indefinitely by constructing determinants of the 
above type. Then the roots of the equations 

A,=0, 4,=0, A0 
are all real, and the roots of any one of them are separated by those of the 
preceding equation. 

Tf Aj, Ag (À <À) are the roots of 4,=0, then A,<a<A, (see Exer- 
cise XI, 2). 

Also, as in the last section, if 4,=0, then 4,4, is negative. Hence 
if æ has the values - œ, Aj, Ag, œ, the signs of 4, are + —- + -. 

Therefore the roots of 4,=0 are real, and denoting them in ascending 
order by py, Ho, fg, We have p< À <H < Ào <Ha: 

Again, as in the last section, if 4,=0 then 4,4, is negative; hence, 
if z has the values — 0, Hi Hgo Hgs ®©, 
the signs of 4, are +, —, +, —, +; 
therefore the roots of 4, =0 are real and are separated by those of 4,=0; 
and so on without end. 


22. Skew-symmetric Determinants. 


(1) For the skew-symmetric determinant (41,099, --. Ann), Uf Ars, Ag, are the 
cofactors of aps, asr, then A,,=(-—1)"-14,,. 

For A,, is transformed into A,, by changing the sign of every element 
and then changing rows into columns; and since A,, is a determinant of 
(n —1) rows, the result follows. 

Thus in the determinant 


0 c b 
—C¢ O a 
-b -a Q 
the cofactors of c and —c are 
-| -c a| and —- c 6b, 
—6 o | m a 


and one of these is ( — 1)? times the other. 
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(2) Every skew-symmetric determinant of odd order is equal to zero. 
For if 4 is a skew-symmetric determinant of odd order n, and J’ is the 
determinant obtained by changing the sign of every element in 4, 


A’=(-1)"4= -4. 
But 4’ can also be obtained from 4 by changing rows into columns, so 
that 4’=4: whence the result follows. For example, 


0 c b|=(-1)%|0 -c -b|=-| 0 c b 
—C O a c 0 -a —C 0O a 
-b -a 0O b a 0 i -b -a QO 


(3) Every skew-symmetric determinant of even order is a perfect square. 

(i) Let An= (taz --- Ann)» Any =(@ 1409 --- Any, n) Where n is 
even and the determinants are skew-symmetric. For n=2, 

A,=| ay, ay = yp”. 

A21 422 

Let A,,, Ayo, ... be the cofactors of aiis Gia, -in An. Since n is even, 

by the preceding 4,_,=0 and A,,=(-1)"-*4,,=A,,. Remembering 
that a,,= —a,,, exactly as in Art. 21, (3), we can show that 


A, A, = (Ailin + A jan + Pe a AÅ, n—l On--1, a. EE EELEE EE EEETE (A) 


= 0 Aig 


Hence if A,, is a perfect square, so also is 4, ; moreover, A,, is a skew- 
symmetric determinant of order n—2; and it has been shown that such a 
determinant of order two is a perfect square, therefore the same is true for 
those of orders four, six, etc. 


(ii) If n is even and 4,,=5,?, the value of 6,* is given by the following 


rule. 


Write down all the arrangements in pairs of the numbers 1, 2, 3,... n. 
Denote any such arrangement by (hk), (lm), ... (uv), then 


Òn =È ( £ahkam -- Auv)» 
where the positive or negative sign is to be taken according as the arrangement 


hklm ... uv is derived from 1234 ... n by an even or by an odd number of 
transpositions. The term aiaz; ... anin 18 to have the sign +. 


(x) The rule is suggested by the case when n=4. By equation (A), 
Ay, Ay = (414 + A1224 + Ayg%g4)*, 
where A,,, Aj., 4,3 are the cofactors of 4), Q12, Qg in 45, so that A,, =a, 
A 19 = — 3803, A13 =ü. Whence we find that 
A4 = (12134 — Fy9%oq + A440)", 
which agrees with the rule. 
* Named the Pfaffian, by Cayley, after J. F. Pfaff. 
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(B) Assuming that the rule holds for determinants of order n-2, we shall 
prove that it holds for those of order n. Then, since it holds when n=4, 
it will hold for n=6, 8, etc. By e (A), 

Ars n 
Ay, VAj | 

Now 4,_,=0, therefore by Art. 18, (2), Ayo?=A,,;Ao9, 413 =4143, 

etc. Hence 

8 n= lin Ay tons! Aog ked aad Anps naps a o (B) 
where the values of ,/A,,, V42, etc., are given by the rule. We shall show 
that the signs on the right are alternately positive and negative. 

Consider the product P=a,,./Aj,-GpnJ/App. The values of J4 and 
„App are obtained by the rule from the sets 

2,3,4,...m—-1 and 1,2,3,...p—1, pt+I,...n—-1. 

Moreover, every term in the expansion of P, with the proper sign, must 
occur in J,,. 

For clearness, the element a,, will be denoted by (rs), so that (sr) = — (rs). 

If p is even, the product P contains a term M, which is the product of 

(In) (28) (45)...(p - 2, p-1)(p, p+ 1)(p +2, p+3)...(n—2,n—1) 
and 
(pn) (12) (34)...(p - 3, p—2)(p—1, p+1)(p +2, p+3)...(n-2, n—1). 

By changing the order of the numbers in each of the ł(n -— p) + 1 pairs 
which are underlined, it will be seen that (—1)#-»)+! M is the product 
of elements (rs) in which corresponding values of r, s are as below. 


Sn T inv Ai taan TFT 


+.. tby_isn 


r|l, 2, 3,...p-2, p-l1, p, p+l, p+2, p+3,...n-2, n-1, n, 
8|2, 3, 4,...p-1, p+l, n, p, p+3, p+2,..n-l, n-2, 1. 
The numbers in the second line can be written in the same order as 
those in the first by (n +p) transpositions, and since 
$(n—p)+1+3(n+p)=n+1, an odd number, 
it follows that —M is a term in 4,, so that -—a,,./Ap, occurs in the 
value of 6,,. 
If p is odd, the corresponding process requires changes of order in 


$(n-p+1) pairs, and $(n+p—1) transpositions. Since the sum of these 
numbers is n, which is even, +@,,./A,y, occurs in 8, ; thus 


Ô ea, (—1)?a pny App 
It remains to be shown that the value of 5,, can be written down by the 


rule. It is obviously necessary only to consider the first term in the value 
Of Ayn App 
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Thisis  (pn)(12)(34)...(p—1, p+1)(p + 2, p+3)...(n—2, n—1), 
or (pn) (12) (34)...(p-2, p—1)(p+1, p+2)...(n-2, n—-1), 
according as p is even or odd. Now the arrangement 
p,n, 1, 2,3,...p-1,pt+l,...n-1 


can be derived from 1, 2, 3,...n by p+n-—1 transpositions. The rule 
asserts that the sign of the term is + or — according as p+n-1 is even 
or odd, that is according as p is odd or even, which agrees with what has 
been proved. 


EXERCISE XVI 
A. MISCELLANEOUS METHODS 


1. Ifa+b+c=0, solve the equation 
a-x c b 


2. Prove that 
(b162) (4,42) + (C102) (bida) + (A452) (C,d2) =9. 
{Use the identities 
Ay (b1c2) +b, (C102) +c, (a,b) =0, a2 (b,C2) +6, (Cy@q) + c2 (@1b:) =0. | 


3. If (a,6.c,) =0 and (d,b,c,)=0, prove that 


(baca) _ (baC1) _ (b102) 
(aad3) i. (asdı) 7 (ada) i 


4. Prove that 


bi + Ci ĉi + A: A + b, = 2 (aboca). 
b +C Cet, a,4+0, 
ba tca Cyt@s Ag+, 
5. Prove that 
be — a? ca — b? ab —c? 


—be+cat+ab be-cat+ab bc-+ca-ab 
(a+c)(a+b) (a+b)(b+c) (b+c)(c+a) 
=3(b —c)(c —a)(a —b)(a+6+c)(bc+ca+ab). 


6. If l1/(a+x) f/(b+x) I/(e+z) P 
l/(a+y) 1/(b+y) Ulery) | Q’ 
l/(a+z) 1/(b+2z) 1l/(c+z2) 


where Q is the product of the denominators, prove that 
P=(b —c)(¢ -a)(a -b)(y -2)(z -x)(x - y). 
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7. Show that |O c b a |=-(a+b+c)(b+c-—a)(c+a—b)(a+6-—c). 
c 0 a b 
bade 
abe9O 
8. Prove that the ‘ skew °’ determinant x£ c b l 
—C x am 
-b -a x n 
-l -m -n & 
is equal to xt +r (a? +b? +e? +I +m? +n?) +(al—bm-+cn)?. 
9. Prove that | O c b b-c |=2(a+b+c){abe- (b -c)(c-a)(a-b)}. 
c 0 a c-a 
b a O a-b 
a b c a+b+c 
10. Prove that -1 b c d 
-1 c d 
b -l1 d 
a b c -li 
: f a b c d 
is equal tọ (a+1)(b+1)(c+1)(d+1) ik ~~ eae} 


[This follows from Ex. XV, 13, by putting 1+a,= -—1l/a, 1+a,= —1/b, ete. ; 
or, directly, by the same method. ] 


11. Prove the following : 
(i) | -1 0 0 a |=] -ax -by - cz. 
0 -l 0 b 
0 0 -l c 
x y z -l 


(ii) 0 -c b x |= —(ax+by+cz)(ax’ + by’ +2’). 
c QO -a y 
—b a O z 
er y zw 
(i) | O c 6 1 |=-(a+b+c)(b+c-a)(c+a-—b)(a+b-c). 
e 0 æ l 
b? a? l 
1 1 1 QO 


(iv) {0 c2 b d |= -—16s(s-ad)(s-be)(s-cf), where 2s =ad +be + cf. 
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12. Denoting the squares of the differences $- y, y- «, «-B by l, m,n 
and those of a- 8, B- ô, y - ò by l’, m’, n’ respectively, prove that 


0 n m U [=4lnl’n’, 
-n 0 L w 
-m —l 0 xw 
-V -m -w 0 


[If By +a = À, ya + pò = pu, «B+ yd=», then W =(u —v)?*, etc.] 


13. If A= 


4 5 6 vl, A’=| 1? 2 3% 42 wil, 
5 6 7 y 2 32 4% 5 y 
6 7 8 z 2 42 52 6 z 
xa yz O 47 52 6? TP w 
x y z w O 
prove that A=(x -2y +2}, 


A’ =8(x — 3y +3z - w)’. 


14. If in a determinant 4, when z=a: 
(i) p rows become the same, then (x —a)?~? is a factor of 4 ; 


(ii) p rows become the same and q columns become the same, then (x —a)?+#-® 
is a factor, provided that the common elements are zero or are divisible by (x —a)*. 


B. PRODUCTS 
15. Write down as a determinant the product 


a b cj|.|x y z 
b c a zZz £ y 
ca b Y z x 


Hence show that the product of two expressions of the form a? +0? + cè — 3abc 
is of the same form. 


16. Prove that 


2bc — a? c? b? =(a? +b? +c? — 3abc )}?. 
c? 2ca — b? a? 
b? a? 2ab — c? 
[Consider the product |a b c -a c b|.] 
b c a -b a c 
ca b -c b a 


17. By forming the product on the left, prove the identity on the right, 


a, b G C¢, —2b, a, |; 2(a,b.¢3)?=| 24, In Ial, 
Aa bs Cy s — 2b, a, I 2 24, Íz 
dz b3 C3 Cz; —2b;, as Is, Is, 24; 


where A, =4,C, = 6,3, {ii = Atg + AC, = 2b bz, etc. 


146 PRODUCTS OF ARRAYS 
18. By forming the product 


a+lb c+id 


—c+itd a-—tb ~—~d’+itc’ b’ -tla 


i b’+ta’ d’+tc’ |, 


prove that 
(a? +b? --c? +d?) (a? +02 +c +d?) 
= (aa + bb’ + cc’ + dd’)? + (L4+ V/)?+(m4+m’)?+(n+n’), 
where | =(bc’), m=(ca’), n=(ab’), V =(ad’), m =(bd’), n’ =(cd’). 


19. Express (1? + 2?+3?+5?)? as the sum of four squares by taking 1, 2, 3, 5 
for a, b, c, d and 2, 5, 1, 3 fora’, b’, c’, d’. 


20. By multiplying the arrays on the left, prove that the determinant 4 is zero. 


I rv, V ll; As 211’ lm’ +m nl’ +n] 
m m m m lm’ +l'm 2mm’ mn’ +m’n 
n nw n on | nl'+nl mn’+m’'n 2nn’ 


Hence prove that if av? + 2hry + by? +29gx+2fy+c ir the product of two linear 
factors, then 


=0. 


Q AeA 


h 
b 
f 


21. Prove that 
(2,-5,)? (a,—b,)? (a,- bs)? (a, —5,)? | =O. 
(a,—6,)? (a-b) (a-b)? (a, —0,)? 
(a;—6,)? (a3 —6,)? a —bs)? (a; —b,)? 
(a,—6,)? (ag—6,)? (@,—55)? (ay — By)? 
[Multiply the two arrays of four rows 
a? a ll, 1 -2b, b 
etc. | etc. 


-] 


C. MISCELLANEOUS THEOREMS AND EXAMPLES 


22. Prove that l 
=(x = 1) (x+n -1), 


the determinant being of the nth order. 
(ii) a a+b a+2b ... a+nb |\|=(—b)"(n+1)"(a+}nb). 
a+nb a a+b. ... at(n—1)b 
a+(n-—1)b a+nb a woe a- (n—2)b 


@eveeseoeoevneeeesreoeeeeneaseseeeseeeeoeerseeeneseeeeeneeeteneensesd 
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23 If Un = Qa; 1 0 0 0 ’ 
-1 a 1 0 0 
0 -1 a, 1 0 
0 0 ee 1 Ani l 
0 0 0 -l a, 


prove that Un =GnUn_1+Un_s- 


[Expand with reference to the bottom row. Such determinants are called 
continuants. | 


24. If a b c dQ 0O {=0, 
aga Y edO 
a” b” c” d” 0 0 
0 a b 0 c d 
0 aw WY 0 ¢ @ 
0 a WF 0 & a 
prove that a c d? a 6 d|{|x{|b c d 
d E |s] VY a b e a 
a” e” d” a” b” d” | b” c” d” 


25. (i) By using the fact that the determinant t £ y 

on the right is zero, prove that l1 l 1 
t(y —z)(z—%)(a— y) + (y —2)(y —) (2-2) t x y z 
+y(z -x)(z -t)(x-t)+z(x-y)(x-t)(y-t)=0. | P x y 23 


(ii) Hence show that, if «, 8, y, § are any angles, 
sin (8 — y) sin (y — a) sin (æ — 8) +8in (8 — y) sin (B — à) sin (y — ò) 

+sin (y — æ) sin (y — 8) sin (æ — ò) +sin (« — £) sin (œ — ò) sin (8 — 8)=0. 
(iii) Use the last result to show that if a, b, c, d and a’, b’, c’, d’ are the lengths 


of the sides of two quadrilaterals such that the sides a, b, c, d are parallel to 
a’, b’, č, d’, respectively, then LMN +Lmn + Mnl+Nim=0, 


where JI=(be’), m=(ca’), n=(ab’), L=(ad’), M=(bd’), N=(cd’). 


[(ii) In (i) put zw=cos 2e+csin 2c, y=cos 28+ sin 28, 
z=cos2y+isin2y,  t=cos 28+ sin 28. 


(iii) Let a, b, c, d make angles «, 8, y, 5 with a fixed line. By projecting the 
circuits a, b, c,d and a’, b’, c’, d’ on lines perpendicular to d, a, b, c, prove that 


sin (æ — ô) _ _sin(B-y)_ 
fe Se ie 
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26. Prove that the equations (i), (ii) are respectively the equation to the line 
joining (x,y,), (Xay) and the equation to the plane through (2,4,2,), (%2Y2%s), 
(23Y/s2s). 


G)ia2 y Lj=O i) [xr y z 1 j=0. 
tı Yı 1l Ti Yy 2 l 
% Y XI To Yz Zz l 
T3 Ys 2% l 


Show also that the last equation may be written in the form 


£- Y-Y 2-2, |=0. 
Ta -Tı Yo- Yr Z2—2ı 


Uy-%X%, Ys- VY z-z, | 


27. If A, B, C, D are four points in a plane and the lengths BC, CA, AB, AD, 


BD, CD are denoted by a, b, c, x, y, z, prove that these are connected by the 
equation i 


0 e brl 
fj 0 a y4? 1 
b a QO 2 1 
zy 2 0 1 
1 1 1 1 Ọ 
[Let (£1, Y1), (X2 Y2), »-» be the coordinates of the points. Multiply the arrays 


L? +Y a4 YA lli, l -2¢, -2y, z? +y? ||] 
as + Yo" Lo Yo l l oo 225 cam 2Y, La? -+ Yz? 


eeosceoeeoneeoeoervreeeeoertatesseeoe |) go {Ff +$%q.}*teseeeveteaantreaeaesevneeeteseneveeevnearve 


28. Ina tetrahedron ABCD, the lengths BC, CA, AB, AD, BD, CD are denoted 
by a, b, c, d, e, f respectively ; the volume is V, the radius of the circumscribing 
sphere is R. 


Assuming equation (i), where (x,, Yis 21), (£z Yo Z2), --» are the coordinates of 
A, B..., prove equation (ii). 


(i) 6V=| z Yy z 1 (ii) -386R?7V2=7, | 0 œ b d?|.* 
Zz Yz Za l e 0 a e 
Be Ys. zy d 2 a? 0 f 
Ta Ya % 1l d e f o 
[Take the origin at the centre of the sphere. Multiply the determinants 
6RV =| z y, 2% R|, -6RV=| zt y, 2 -R), 
Ta Yo Z% R To Y % -R 


and use the equations 
THY H =R, (1—2)? + (Y1 — Yo)? + (21-2) =c, ete.] 


* Note the value of this determinant given in Ex. 11, (iv). 


CHAPTER X 


SYSTEMS OF EQUATIONS 


1. Systems of Equations. If u=0 is an equation connecting the 
variables x, y, ... , which is satisfied when z= z4, y=y,, ... , then (2), Y1; .--) 
is called a solution of u=0. 

Let u=0, v=0, ... be a system of equations connecting zx, y,.... If the 
equations have a common solution (z1, 4, ...), they are said to be con- 
sistent, and (z1, 4;,.--) is called a solution of the system u=0, v=0,.... 
Equations which have no common solution are said to be inconsistent. 

Equations which are homogeneous in x, y,... have the common solution 
(0, 0, ...), in which each of the variables is zero: but they are not said to 
be consistent unless some other common solution exists. 

If one equation of a system is satisfied by all the values of x, y, ... which 
satisfy the others, the equations are said to be not independent. 

To eliminate a variable x from two equations is to obtain from these 
two an equation free from x. Any result so obtained must hold if the 
equations are consistent. 

To solve a system of equations is to obtain all the solutions (if any 
exist). This is done by a process of elimination. 

Illustrations. The equations z +y=1, x+y=2, which represent parallel lines (or 


planes), are inconsistent. So also are the equations u =0, v=0, 2u+3v=4. 
The equations u =0, v=0, lu+mv=0 are not independent. 


2. Equivalent Systems. (1) Two systems of equations are said to 
be equivalent when every solution of either system is a solution of the 
other. In such cases we may say that one system 1s the same as the other. 

(2) If ai, az, ... are constants and a,=40, the system of equations 

u,=0, Ug=0, ... U,=0, 
ws equivalent to the system 
AyUy + Ang +... +4,U,=90, Ug=0, ... u,=0. 
For any solution of the first system is a solution of the second and, since 


a, is a constant (not zero), any solution of the second system is a solution 
of the first. 
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(3) If l, m, l, m are constants such that lm’ —l'm <0, then the pair of 
equations u =0, v=0 is equivalent to the pair 
lu+mv=0, lu+m’'v=0. 
For any values of the variables z, y, ... which satisfy w=0, v=0 also 
satisfy the second pair. 


Moreover, any values of x, y,... which satisfy the second pair also 
satisfy 
m’(lu+ mv) —m(l’u + m'v) =0, 


~ U(lut+mv)+ U(l’'u+m’v) =0, 
which are the same as 
(Im -l'm)u=0, (lm'-—Vm)v=0, 
and since lm’ —l’m-=40, these are the same as u=0, v=0. 
It is left to the reader to supply proofs of the following : 
(4) The pair of equations uv =0, w=0 is equivalent to the two pairs 
u=0, w=0 and v=0, w=0. 
(5) Any solution of the system 


, l Uy = Vis Us = Vo 
as a solution of 


But the second pair of equations is equivalent to the two pairs 


Uy =V,, Ug=Vg and ug=0, v2=0. 


3. Systems of Linear Equations. In considering this subject, 
the chief difficulty is to include all the special cases which may arise. 


(1) The equation ax + by+c=0 has infinitely many solutions, unless a=0, 
b=0, c0, in which case there is no solution. 

A formal proof is hardly required. 

(2) Consider the equations 

Up = Mgt + bey + C3 =0, 

excluding the case in which either is of the form 07 +0y+c=0. 

(i) If (a,b,) 40, there is an unique solution. 

For by Art. 2, (3), the equations are equivalent to 
which are the same as 


L (aba) = (b12), (4159) = (C49). 
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(ii) If (a,b,)=0, the equations are inconsistent unless also (b,c,)=0 and 
(cia) =0. 

For if (a,b,)=0, we have u,b, — uab = —(b Cg), Urag — Uga = (C103). 

Hence the equations cannot have a common solution unless (b,c,) and 
(ca) are both zero. 


(iii) Zf (aba), (byCg), (Cy@q) are all zero, the two equations are one and the 
same, and there are infinitely many solutions. 

For in this case 

Ubo = Usb, and Uag = Ugl. 

Hence any solution of one equation is a solution of the other, or else an a 
is zero and a b is zero. The latter alternative cannot occur. 

For example, suppose that aj=0; then by hypothesis 6,40 and 
a,b, =a,b,=0, therefore a, =0 and 6,40. i 

Hence the equations are one and the same. 


(iv) The case in which the equations are inconsistent may bè regarded from 
another point of view. 

Suppose the coefficients of x, y to vary in such a way that (a,ba)—>0 while 
(bic) and (c,a,) remain finite ; then zo, yoo and the fractions z/y, 
~—b,/a,, —b,/a, tend to equality. 

We shall say that in the limiting case when (a,b,) =0, the equations are 
satisfied by infinite values of x, y which are in the ratio —b,: a, or — by: ag. 


(3) If a,x +b,y=0 and a,x + bzy =0, then either x =0, y =0 or else (a,b) =0. 

Conversely, if (a,b,)=9 these equations have solutions other than (0, 0), 
Le. they are consistent. 

This is a particular case of the preceding. 

The following results are required later. 


Ex. 1. If (a,5,)=0 and (a,c,) =0, then (b,c,) =90 or else a, =0, a, =0. 
For a, a, satisfy the equations a,b, — a,b, =0, a,c, — a,c, =0. 


Ex. 2. If (aybg)=0, (b,cg)=0 and (cya,)=0, where ay, bi, c, are not all zero and 
Ge, by, Cg are not all zero, then of the pairs (ai, ag), (by, b2), (Cis Cg) there is at least one in 
which neither quantity is zerd. 

For suppose that 2,340, then if a, =0 we should have a,b, =0, a,c,=0; and therefore 
6,=0, c =0, which contradicts the hypothesis. Hence, if 2,340, then 4,0. 


Ex. 3. Let A =(ayb4c,) and let Ay, B,, ... be the cofactors of a,, b,,.... Prove that tf 
4A=0 and C,=0, then either C,=0, C,=0 or else A, =0, By =90. 
For we have : 
a,C,+a,C,=0, 6,C,+6,C,=0, ¢,C,+e,C,=9, 
therefore either C,=0, C,=0, or else (5,c,)=0, (cya,) =O, i.e. Ag=0, B,=0. 
Or thus: Using identities of the type (B,C,)=4a,, it will be seen that (C143) 
(C,B,), (C243), (CB) are all zero. Whence the result follows. 
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4. Three Linear Equations. Consider the equations 
u, =a,0+by+e,=0, 
Up = Ask + boy + Cc, =Q, 
Us = Agr + bay + Cy = 0. 

Let 4 =(a,b,c,), and let A,, B,, ... be the cofactors of a,, bi, . 

(1) If the equations are consistent, then 4=0. 

For on account of the identities 

a,C,+a,C, +a,C, =0, 

b,C, + baCa + bC = 0, 

6,0, +¢,0,+¢,C,=4, 

we have Cyu, + Cau, + Cau, = 4. 

Hence, if the equations are satisfied by the same values of z, y, we 
must have 4 =0. 

(2) If A =0 the equations are consistent and have an unique solution except 
when every C is zero; in which case each of the equations (assumed to be 
distinct) is inconsistent with either of the others. 

For by the preceding, u,C,+u .C, + U0, =0. 

(i) If no C ts zero, the equations are not independent. 

(ii) Lf C,=0, C, 40, C40, then uC, +u,C,=0 and u,=0, u,=0 are 
the same equation. 

In both of these cases, since C,=40, the equations u,=0, ua =0 have an 
unique solution, which is the solution of the system. 

(i1) Zf C,=0, C,=0, C,=40, then u,=0. This case is excluded. 

(iv) If every Č is zero and the equations are distinct, each is inconsistent 
with either of the others. In this case we may say that the equations are 
satisfied by infinite values of x, y which are in the ratio ~b, : ay. 


5. The Line at Infinity. For the sake of complete generality we 
say that the ‘ equation,’ 


Ox+Oy+e=O0O where c0, 


represents the line at infinity. The ideal point in which a straight line 
u=0 meets the line at infinity is called the point at infinity on that line. 
Parallel straight lines are to be regarded as meeting on the line at infinity. 
For the lines u=0, u+k=0 intersect on the line Or +O0y+k=0. These 
conventions enable us to include various special cases under one heading. 
Illustration. Jf u,=0, u,=0, ug =0 (as above) are the equations to three straight lines, 


then the necessary and sufficient condition that they may meet at a point (which may be 
at infinsty) is 4 =0. 
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6. Two Equations in Three Unknowns. Consider the equations 
Uy =r + Dy +C,2 +d, =O, oc cccceeeeeeee ees (A) 
Ug = Ag + doy + Coz + dy =O, oo cceececececeeceeeeeeeees (B) 
excluding the case in which a}, b4, c, Or de, bg, Cg are all zero. 
(1) Of the three (a;b), (bic2), (C182), suppose that at least one, say (a,b), 28 
not zero, then the equations are equivalent to 
— Uy Ao + Ugh; =0, Uda — ubr =0, 
which are the same as 
— (a ba) Y + (C1) Z = (Ade), ..ccccccrecscescrecencecees (C) 
— (B,Co)2 + (a@ybg) 2 = (bla) eseese (D) 


Corresponding to any value of z, there are definite values of z and y, 
provided that (b,c,) and (c,a,) are not both zero. 

If (b,c,) =O and (c,a,.)=0, then x and y have definite values and z may 
have any value. (In fact, we have c,=0, c,=0.) 

Thus in every case, by Art. 3, Ex. 1, there are infinitely many solutions. 


(2) Suppose that (aibo), (b,c,), (cy@_) are all zero. Then of the pairs 
(di, a2), (bi, bo), (Ci, C2) there is at least one, say (a4, a), in which neither 
quantity is zero. (See Art. 3, Ex. 2.) Also we have 


Wg = Ug = = (Oils io Seth R EAA (E) 
Thus the equations are of the form u, =0, u,+k=0, where k=(a,d,)/do, 
and they are inconsistent unless k=0. 
(3) In particular it follows that the equations 
az +biy +ez=0, ax + boy +c =0, 
are always consistent (i.e. they have solutions other than (0, 0, 0)). They 
mone aut ar/(b,0s) =y/ (C14) =2/ (abs), 
provided that no denominator is zero. 
If (b,c,) =0, they are equivalent to z=0, y/(c,a_)=2/(a,0,). 
If (bic) =O and (c,a,)=0, then x=0, y=0, and z may have any value. 
(4) If (x, B, y) is any solution of (A), (B), these may be written 
m (z-a) +b,(y—B)+e,(e—y)=0, a(®-a) + gy ~ B) +09(z- y) =0, 
which are equivalent to 
(x —æ)/ (b1c2) = (y — B)/ (C102) = (2 — y)/ (A109), oes reeeeeeeees (F) 
provided that no denominator is zero. 
If (bica) =0, they are equivalent to 


=a, (Y—B)/ (caa) = (2 — y)/ (dibo) ecese (G) 


If (bic) =0 and (cia) =0, then z=a, y=f, and z may have any value. 
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Nore. Much labour can be saved by the following considerations. 

Equations (A), (B) are unchanged by the simultaneous cyclic substitutions (a,6,c,), 
(azb:Ca), (xyz). If then we make these changes in any equation derived from (A) and 
(B), the resulting equation will also hold. For example, equation (D) can be derived 
from (C) in this way. 


7. The Equation toaPlane. (1) The equation az+by+cz+d=0 
represents a plane unless a, b, c are all zero. 
For the sake of complete generality we say that the ‘ equation ’ 


Ox+O0y+0z+d=0 where d0 
represents an ideal plane called the plane at infinity. 


(2) Two Planes. Referring to Art. 6, let u,=0, u,=0 be the equations 
to two planes. In general these intersect in a line, and we say that the 
equations to the line are u,=0, u,.=0. The equations may be written in one 
of the forms described in Art. 6, (4), where (a, B, y) is any point on the line. 

The equation to any plane through the line u, =0, u,=0 is of the form 
u, + ku,=0, where k is a constant. 


Parallel Planes. If (a,b,), (b,¢,), (cag) are all zero, the planes u,=0, 
u,=0 do not intersect, that is to say they are parallel. 

Hence the equation to any plane parallel to the plane u,=0 is of the 
form u,+k=0, where k is a constant. All this follows from Art. 6, (2). 

We therefore say that parallel planes intersect in a line on the plane at 
infinity. 

Ex. 1. The condition that the line whose equations are 

(a —a)[L=(y -B m=(z-y)ðn seess (A) 


ax +by+cz+d=0 


is la+mb+nc=0. If also axa+bB+cy+d=0, then the line is in the plane. 
If the line meets the plane at (x, y, z) and each fraction in (A) is denoted by r, then 


may be parallel to the plane 


x=lr+æ, y=mr+ß, z=nr +y, 
where r(la +mb+nc)+ax+bB+cy+d=0. 
If la+mb+ne=0, no value of r exists which satisfies the last equation unless 
aa +bB+cy+d=0, in which case r may have any value. Hence the results follow. 
Ex. 2. The condition that the lines whose equations are 


Pi pa Oe _2-y 


or | 


l m n Y m’ n’ 
muy meetin a point is (a —«’)(mn’ — m’n) + (B — B’)(nl’ -wl)+ly -ylim -l'm)=0, 
and the lines are parallel if IIU =m]m =njw. 
If the lines meet at (x, y, z) and (xz —a)/l=r, (x —«’)/l’=r’, we have 
lr —Vr’ + (a — a’) =0, mr —m’r’ +(B — B’)=0, ar —n’r’ +(y —y’) =0. 
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These equations are satisfied by the same (finite) values of r, r” if 


a- a’ l U =0, 
B-E mw 
y -y n n’ 


provided that (mn’), (nl’), (lm’) are not all zero: but if these three are all zero, the 
values of r, r’ are infinite. In the latter case equations (A) are satisfied by infinite 
values of x, y, z and the lines are parallel. 


8. Three Equations in Three Unknowns. Consider the 
equations 
u =a,0+b,y+ez2+d,=0 
Un = gt + boy + Coz + dg =0 Goo edd tila ae A EEE E a Revere (A) 
Us, = Ant + bY + C3 + dy =O 
Let 4=(a,b,c,) and let A,, B,,... be the cofactors of a,, 6,,... in A. 
Also let A,=(d,b2c3), A= (adoz), Ag = (aiboda). 
On account of the identities 


ee he ede E E B 
d,A, + da Aa + dA. = A, 
we have U,A, + UgA, + UgAg = Ax + Aj; 
and similarly, u,B, + U,By + Ug Ba = Ay + do, | E TE E (C) 
and U, Oi +UaOa + Ug Cg = Az + As. 


(1) Suppose that A40. The last identities show that if a solution exists, 
it is given by = g=-A,/A, y= —J,/4, z= —Ag/A. oec (D) 

We can show by actual substitution that these values of z, y, z satisfy 
the equations. Or we may use the following method, in which every step 
as reversible, so that verification ts unnecessary. 

Because (A,B,C,) = 42-40, therefore at least one term of (A,B,C) is not 
zero. Suppose that A,B,C,=40, so that no one of A,, Ba, C; is zero.* 

Because 4,0, the equations are equivalent to 

Ug ome 0, Ug = 0, Aju, + Ane + Agus = 0, 

_ that is to U,=0, ug=0, Ax= - 4. 

In the same way, because B, 340 and C} 340, the equations are equivalent 
to each of the sets, u,=0, u,=0, y=- 4z; u,=0, ug=0, Az= -4 

Hence the equations have the unique solution, (-4,/4, — 4/4, — 43/4). 

* It is essential to show that suffixes p, g, r exist, all different, such that none of Ap, Bg, Cr is 
zero. This step has been omitted in the text-books. See Chrystal, Algebra, Vol. I, p. 360. 

L B.CeA. 
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(2) If 4=0 and A,, A, A, are not all zero, the equations are inconsistent. 
For example, suppose that 4,=<0, then since 
Wy A+ tAr + Ug Ag SA ceissevsesdecsacrornataces (E) 
it follows that the equations have no common solution. 

If we suppose the coefficients to vary so that 4->0, and at least one of 
A,, 4, 4, remains finite, then at least one of z, y, z tends to infinity. 
Neglecting d,, dọ, dą in comparison with the large terms, we see that in 
general the following ratios tend to equality : 


Tayra. Arab Oa Ase, Co Aye Bs eC: 
In the limiting case when 4=0, we say that the equations have a solution 
(x, y, 2) such that at least one of x, y, z is infinite and 
yg aA, 2 BO, SA, * BoC, Ass Bs Cy 


(3) If A, 4,, 4s, 43 are all zero, the equations are not all independent and 
there are infinitely many solutions ; or else each of the equations (assumed to 
be distinct) is inconsistent with either of the others. 

For we have Ay tids A AEO eae a aa (F) 

(i) If no A ts zero, the equations are not independent. 

(ii) If A,=0, 4,340, A,40, then u,d,+u,4,=0; and uz =0, ug=0 
are the same equation. 

In both cases, since 4,340, the equations u, =0, ua =0 have infinitely 
many solutions which are solutions of the system. 

(iii) Zf A,=0, A,=0, A430, we have u, =0, which case is excluded. 

(iv) If, in the above, every A is replaced by the corresponding B or C, 
similar results follow. Therefore the only remaining case is that in which 
every minor of A is zero, and then every two of the equations are incon- 
sistent; or they are one and the same. 

Ex. 1. If a, b, c are unequal, solve the equations x+y+z=1, ax+by+cz=d, 


atx + b*y +e? =d’. 
We have 


1 11. fe|/1 1 , „_(d-b)(d-0) 
a b c d b yor "(a -6)(a-c)’ 
a® B e| |d B e 


and the values of y, z are obtained by the cyclic substitutions (abc), (xyz). 


9. Three Planes. Referring to 8, let u,=0, u,=0, uz=O0 be the 
equations to three planes, then : 
(i) If A=40 they meet in the point given by the equations in Art. 8, (1). 
(11) If A=0 and 4, 4z, A, are not all zero, two of the planes meet in a line 
which is parallel to the third plane. 
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(ìu) If 4, 4,, 4,, 4, are all zero, the planes have a common line of inter- 
section or they are all parallel. 
Proof of (11). Suppose that 4,40. We have 
Ay PO Ae d ASA). e (A) 
Wis tidy U Aaa Ayn. niusa (B) 
On account of (A), at least one A is not zero. Let 4,540, then the planes 


U,=0, us=O0 are not parallel and, on account of (B), their line of inter- 
section does not meet the plane u, =0. 


Observe that all the planes are parallel to the line 
2/A,=y/B, =2/Cy, 
which rs parallel to the line, u =0, u, =0. 


The truth of (i1) follows from Art. 8, (3). 


Hence we conclude that, ¿f 4=0, the planes either meet in a point at 
infinity, or else they have a common line of intersection, which may be 
at infinity. 


10. Four Equations in Three Unknowns. Consider the 

equations 
Ug = Apt + boy + Coz + do =Q, 
Us =Azx + bY + c32 +d, =0, 
Uy = A,r + yy +e4z+d,=0. 

Let 4 =(a,6.c,d,) and let A,, B,, ... be the cofactors of a,, 6, .... 

(1) If the equations are consistent, then 4 =0. 

For, as in Art. 4, (1), we have 

(2) If 4=0, the equations are consistent and have an unique solution except 
when every D ts zero. 

This follows from the identity 

UD, + UoD + uz D3 + u,D, =0. 

(3) If every D is zero, the equations are inconsistent, but they are to be 
regarded as having a common infinite solution, unless every minor of A is 
zero, in which case there are infinitely many solutions. 

This is explained with reference to four planes in Exercise XVII, 17. 

The methods already described apply to systems of linear equations con- 
necting more than three variables, and lead to similar results. 
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EXERCISE XVII 
SIMULTANEOUS LINEAR EQUATIONS 


1. Solve by means of determinants : 


(i) x-y+2z2=0, (ui) z-y+z2-w= -l, 
2x + 3y —5z=7, 324+ 2y+4z2+2w=1, 
3a —4y—2z= -1. 2x + 4y -5z = -1, 


3y — 2z + 3w =5. 
2. With regard to the equations 
4x + Ty — l4z=10, 2z+3y-4z= -4, x+y+z=6, 
show that the first can be expressed in the form 
l(2x + 3y — 4z)+ m(x +y +z)=n, 
and find l:m:n. Hence show that the equations are inconsistent. 


3. With regard to the equations 
4x Ty — l4z = 24, 2xr+3y-—4z= -4, xz+y+2z=6, 
show that the first can be put in the form 
l(2x + 3y — 4z +4)+m(x+y+z-6)=0, 
and find l: m. Hence show that the equations are not independent. 


4. If x, y, z are not all zero and 
ax + by -+ cz=bx + cy +az=cxz +ay+bz=0, 
prove that a? -+ b3 +c? + 3abc =0 


5. Having given the equations 
x=cy+bz, y=az+cx, z=bx+ay 
where 2, y, z are not all zero, prove that 
a? +b? +c? +2abc=1 
and x?/(1 —a*) =y?/(1 — 6?) =z?/(1 —c?). 


6. Having given the equations 
a=b cos C +c cos B, b=ccos4A+acosC, c=a cos B+bcos A, 
deduce the following : 
cos? 4 + cos? B + cos? C -+2 cos A cos B cos C =1, 
2bc cos A =b? +c? -a?, a/sin A =b/sin B=c/sin C. 


7. Having given that 
x+y+z=1, ax+by+cz=d, ax+b*y+c%z=d?, 
prove that ax + b3y +c3z =d? — (d —a)(d —b)(d —c) 
and atx + bty -+ ctz =d4 — (d —a)(d —b)(d —c)(a +b +c +d). 


8. If the equations 
cyt+bz az+cx bu+ay ax +by+cz 
b-c c-a a-b  a+b+ce 
are consistent, prove that either 
a+b+e=0 „or (b-—c)(c—a)(a—b)=abc. 
[Put each fraction equal to k and eliminate x, y, z, k.] 
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9. If the three equations of Art. 8 are distinct and if 4=0 and 4,=0, show 
that 4,=0 and 4,;=0 unless b, : c, =b; : C2 =b; : Ca 
[Since 4=0, A,: A,: As=B,: B,: Ba, and since d,A,+d,A,+d,;4,;=4,=0, 
therefore 4,=d,B, +d,B, +d,B;=0 unless A,, Ay, Ag are all zero.] 
10. If the equations x=by+cz+du, y=cz+ax+du, 
z=ax+by+du, u =ax + by + cz 
are consistent and no one of a, b, c, d is equal to — 1, then 
af(a+1)+6/(6+1)+e/(c+1)+d/(d+1)=1. 
Also if a= —1, then one of b, c, d is equal to -1. [Ex. XVI, 10.] 


11. Using the notation of Art. 8, show that if u,=0, u,=0, u,=0 are the equa- 
tions to three straight lines, the coordinates of the vertices of the triangle formed by 


A, at) (FZ B, (3 Bs 
them are (3 Go) T,’ a) AG? a , and that the area of the 
triangle is $A?/C,C,C,. 

12. Prove that if c,40, the equations u, =0, u,=0, u,=0 of Art. 8 are equi- 
valent to u=0, B,x-Ajy=(d,c,), —B.x+A,y=(d,cs) ; 
and if 440 deduce the solution in the form already given. 


13. Show that the condition that the points (Xis Y1s 21), (£2s Yes Za)» (T3 Yas Z3)» 
(£a Ya» 24) may be in the same plane is 


X, Yı % 1 |=0. 
Lo Ya Za l 
Ty Ys Za l 


Ty Ya % 1 

14. Using the notation of Art. 10, consider the lines whose equations are 
u, =0, u, =0 and u, =0, u,=0. It is required to find the equation to a plane 
which passes through either of these and is parallel to the other. 

[We have u,D,+u,.D,+u,;D;+u,D,=4, therefore the required planes are 
u,D, +u,D, =0 and us Dy + u,D, =0.] 

15. Consider the lines whose equations are 

eee a a ee 


, = = 


l m n l’ m n 


Show that the equation to the plane which contains the first line and is parallel 

to the second is 
(x —a)(mn’ -mn)+(y-B)(nl — nl) + (z -y)(lm -l'm)=0. 

Deduce the condition that the lines may meet in a point or be parallel. 

[The required equation is a(x — «)+6(y — 8) +¢(z — y) =0 where al+bm+cn=0 
and al’ +bm’+cn’=0.] 

16. Using the notation of Art. 10, show that if u, =0, us =0, u =0, u, =0 are 
the equations to four planes, the vertices of the tetrahedron bounded by them 

A, B, a) & B, =) 

are the points ( D,’ D, D) (De D? D,)’ etc., and that the volume of 
the tetrahedron is 1 431D, D,D; D,. 

[Zt is shown in works on Coordinate Geometry that the volume of the tetrahedron 
whose vertices are (£i, Yis 2), etc., is one-sixth of the determinant in Ex. 13.] 
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17. Using the notation of Art. 10, let u, =0, u, =0, u;=0, u,=0 be the equa- 
tions to four planes, and suppose that 4=0, then 


(i) If at least one D, say D,, is not zero, the planes meet at the point 
(~AD -—B,/D,, —c/D,). 
(ii) Suppose that every D is zero, then 


(a) If all the minors of 4 are not zero, the four planes are parallel to a certain 
line, that is to say, they have a common point at infinity. 

(£) If every minor of 4 is zero, the planes have a common line of intersection 
or they are all parallel. 


For example, if A,+0 and we consider the planes u,, ug, uz Since D,=0, 
two of these, say u,, ua, meet in a line which is parallel to the third. 

Also, considering the planes, u,, Uz, Ua, since D,=0 the plane u, contains or is 
parallel to the line u, =0, u,=0. Hence all the planes are parallel to the line 

x| (b1c2) =y] (C2) ==/ (a,b). 
18. Given the equations 
A3 + A3Co bad 26.5, :=0, ACi -+ a3 ka 26,6, = 0, AC ~} A.C, = 20,6, =, 

prove that 


(i) el ok ed SN 3b, -aiba _ Qib ~ a,b, 
Y alar- 61°) Gy (GyCg b1) (Agra 85%) 
3 a? d? Qs? 
(ii) ae ae aoa, p n E =0. 
a ~2b, _ & __2(@;c, ~b") 
Prove that — Dai ee 
(aba) (C23) ~ (bac T (a,b oC) 
LX+m,Y+n lX +MY +n, 
19. ee ee ee . ase 2 
= 7 lX +m3Y +n,’ a X +m Y +n,’ 
prove that ya att heyths y Mee May Ma, 


Niz + Nay +N’ Nix + Nay +N, 
where L,, M,, etc., are the cofactors of l, m,, etc., in the determinant (limn). 
20. If x, y are connected with X, Y by the equations of Ex. 19, and X, Y are 
given by N,X-N,Y=L, -Ma N,X+N,Y=L,+M,, 
prove that the corresponding values of x, y are given by 
lax — My = L — Mo, MX -+ ly = Mı + lg. 


11. Systems of Equations of any Degree. The question of 
elimination is considered in detail in another volume. Here we illustrate 
various methods of dealing with systems of special types. 


(1) Systems which are symmetrical with regard to x, y, .... 


Ex. 1. Find the rational solutions of 
+y?+22=50, (y+2)(2+2)(2+y)=14, 
L? + y +23 — 3xyz = 146. 
If Le=p, Lyz=q, xyz=r, the given equations are equivalent to 
-2q =50, pqg-r=14, p> -3pq=146; 
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whence we find that p*-150p+292=0, giving p=2 or -—1+,/147. 
If p=2, then q= - 23, r= — 60 and zx, y, z are the roots of 
03 — 202 — 236 +60 =0. 


Thus z, y, z may have the values 3, 4, -5 taken in any order, and there is no other 
rational solution. 


(2) A solution may sometimes be discovered by considering the properties of 
a particular determinant. 


Ex.2. Solve 


Consider the determinant 


=| x z y |=3ryz-r -y =2". 
zZz y zz 
y x z 


The cofactors of x, y, z, in the top line, are yz—2*, zx —y*, £Y- 2? ; 
J. (zx — y) (xy — 27) - (yz — 27)? = Ax. 
Hence if (x, y, z) ts a solution, 
bc —a?=Azx, and similarly, ca -b?=4y, ab-—c?=Az. 
Multiplying these by a, b, c, and adding, 
3abe — a’ — b? — c? =A (ax + by +cz) = — A’. 
Therefore the only possible solutions are given by 


GC  Y _ 2 mae 1 
a? -be b?-ca c2-ab ~N (a+b +c — 3abc) 


It is easily verified by substitution that these are solutions unless a? + 6° + c3 =3abc, 
in which there is no solution unless a, b, c are all zero. 


(3) A change of the variables. 
Ex. 3. Solve 
u(x-a)=yz, y(y—b)=2x, z(z—c)=xy. 
Let x=1/X, y=1/Y, z=1/Z, then the equations are equivalent to 
X?-YZ_Y2-ZX_ Z-XY 
a b  ¢ 
Therefore, as in Ex. 2, 
X/A=Y/B=2/C or Ax=By=Cz=k, 
where A =a? -bc, B=b?-—ca, C=c?-ab, and k is to be determined. Substituting in 


the first equation 
k/k | a) _ 
AG ~ BC’ 


therefore, either k=0, giving the solution (0, 0, 0), 
or k(BC — A?)=aABC, giving k(a' +6? +c3 —3abc) = - ABC; 
°” x= — (b? —ca)(c? —ab)/ (a> + 63 -+ cè — 3abc), 


with similar values for y, z. 


= -X YZ. 
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(4) In the case of two variables x, y the substitution y=tx is sometimes 
useful. In equations involving x, y, z, we may write y =tx, z=ťz. 
Ex. 4. Solve 
ax? +bry+cy®=lx+my, a'z? +b'xy+e'y =r ++ my. 
One solution is (0, 0), and if y=éz the equations become 
x2(a+bt+ct?)=2(l+mt), 2x2(a’+b'+c't?) =2(l’ +m’). 
Hence if x=40, the solutions are given by 
x=(l+mt)/(a+bt+ct?), y=tx, 
where (a + bt +t?) (Ul! + mt) =(a’ +bt 4+c't?)(L+ me). 
If x=0 and y=40, the equations become cy?=my, c’y2=m’y, .. cm’-—c’m=0 and 
y= -—mic. In this one value of t is infinite. 


(5) If a solution x=, y=Yj, ... can be guessed, then a suitable substitution 

18 
E=X,+X, yey t Y,.... 
“Ex. 5. Solve 
(y—c)(z-b)=a*, (z-a)(x-c)=6%, (x-b)(y-a)=c?. 
One solution is (b +c, ¢ +a, a +b), and if we write 
x=b+c+X, y=ctat+yY, z=a+b+Z, 
the equations become 
Y¥Z+a(Y+Z)=0, 2X+6(Z24+X)=0, XY +ce(X+Y)=0. 


Hence if none of the three, X, Y, Z, is zero, we have 


1 1 1 1 1 l 1 1 l 
YZS ZX e Zt 
2 11 1 
“Xa be’ 


with similar equations. This gives the only solution, beside the obvious one. 


Special cases. If X=0, Y=0 and ZÆ0, then a=0, b=0 and Z may have any 
value. 


If X=0, Y0, 740, then 6=0, c=0 and Y, Z may have any values such that 
YZ +a(Y +Z)=0. 


Ex. 6. The eight solutions of 


Boye =A; Y + Qe =b, HRYC, enirere (A) 
are given by 
x=$(k-X) y+z=4(2k+X), y-z=(b-c¢)/X, 
where X? = 2a -b ~¢+2,/(a? +b? +c? — be — ca — ab) 
and k= +,/(a+6+c). 
By addition, 


(x+ty+z)P=at+b+e .&, e+yt+z=k. 
From the second and third of the given equations, by subtraction, 
(y -z)(y +z -2z)=b-c, .. (y-z)X=b-c, 
where X =k -3r. 
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Adding the second and third of equations (A) and subtracting the first, we easily 
find that 
(y—z)?+2(k+X)=b+c-a; 
. ep EE 
"NX , 3 
. A*-2X2(2a -b —c) —3(6 —c)? =0, 
and solving for X*, we obtain thé values stated in the question. 


=b+c-a; 


Another solution. Equations (A) are equivalent to 
(x+y+z)?=a+b+c=A (say), 
(2+ wy + wz)? =a +wb +w? = B, 
(x +wy +w?) =0a +wb +we=C, 
where w is an imaginary cube root of 1. 
Therefore the eight solutions are given by 


LHY+HZ=NVÁ, t+w?yY+twz=NB, Vtwmy twa ICO, wrcccscccceees (B) 

where yA is either square root of A and so for ~B, JC. 

From equations (B), by addition, 

37=,/A+X, 
where X =./B +,/C, and therefore 
X?=B+C+2/B.7C 
= 2a —b —c+s/(a? +b? +c? — be ~ ca —ab). 
Also, from the second and third of equations (B), 
Qa—(y+z)=X, &. ytz=h(2/A - X), 

C-B _ (w? —w)(c — oy, 

X X 

". y-z= -(b-c)/xX. 

These results agree with the preceding if we change the sign of X, which is permissible. 


and (w? - w) (y -—z)=/C - /B=—3— 


Ex.. Show that, if the equations 


by? +cz2? =2fyz, cz? +ar?=2gzx, ax? +by? =2hzty ....cccccceceeeess (A) 
are consistent, then 


abe + 2fgh — af? — bg? -ch =O.  ..... ccc ccceceseeeesceecesceees (B) 
From equations (A), by multiplication, 
ax? (byt + c2z4#) +... +... + 2abcr*y22? = Bfghatyt2®, ooo. cece eee ee (C) 
Also b2y4 + c?zt = (4f? — 2bc) y?z?, 


with two similar equations. Substituting in (C) and dividing by x*y?z? (assumed not 
to be zero), the result (B) follows. 


Special cases. Considering the original equations it will be seen that 
(i) If x=0, y 0, 240, then cz?=0, and c=0; 
hence the equations become, by? =2fyz, by?=0, and we have b=0, and f=0. 


(ii) If <=0, y=0 and z=40, the equations reduce to the single equation cz*=0; 
and thus do not constitute a system of equations. 

Thus, if the equations (A) form a system of equations with a solution other than 
(0, 0, 0), then the condition (B) holds. 
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Ex. 8. Prove that, if 
ax? +by? +cz? —(b+c) yz- (c +a) 2x ~-(a +6) ry=0 
and x2 +. Y? +22 — Qyz — 2zx — 2xy =0, 
then, if no two of a, b, c are equal, 
SAO: zyz 
(b-c) (c-a)? (a- (a —b)? azr? + b2y? + c?z? — 2bcyz — Qeazx — 2abxy ` 
The given equations can be written 
x(—ax +by+cz)+y(ax — by +z) +2(ax + by — cz) =0, 
a(-x+ytz)+y(~—yt2z)+2(e+y—z)=0. 

Multiplying these by (x+y- z), (ax+by-—cz) respectively and subtracting, we 

find that 
ay {y(a —b) +2(c -a)} =ay {z(b -c¢)+x(a -b)}; 

and two similar equations can be obtained. Hence, assuming that none of the three, 
Z, Y, Z, 18 zero, We May write 


y(a—b)+z(c-a)=k, z(b-c)+2z(a-b)=k, æ(c ~~) +y(b—c)=k. 


k(b —c) 
b ag ee | 
Hence, tf no two of a, b, c are equal, x (c -a)(a—b)’ 
; en EE : 
E-e e-a (aby ON) 
wie ax ~ by -ez 


whencealso A= 


—a(b—c)tt+b(c~a)*+c(a—b)? (b-+c)(c—a)(a—b)’ 
- Diax(ax — by —cz) = À? (b —c)(c —a)(a —b) . Ha(b? -c?) 
== \*(b - ¢)?(c - a)? (a — b)? =ayz/A, 


and the result in question follows. 
The consideration of special cases is left to the reader. 


EXERCISE XVIII 


1. If (a, 8), («’, B’) are the roots of 
u =ax? +bxz+c=0, w =a'x? +b'x +c =0, 
prove that 
ara’? (x-a) (a — B’)(B —«’)(B — B’) =(ac’ —a’c)? - (ab - a’b) (be — b'e), 


and consequently the necessary and sufficient een that the equations have a 
common root is R=0, where 


R=(ac’ -a'c —(ab’ —a’b)(bc’ — b'c). 
2. Eliminate x, y from the equations 
ax? +bx+c=0, a’y?+b’y+c’=0, zy=2, 


and show that the roots of the resulting equation in z are xa” , aß’, Ba’, BB’, where 
(x, B), («’, B’) are the roots of 


azx?+bx+c=0, a’x?4+b’x+c’=0. 
Show that this equation is 
a*a’*z* — aa’bb’z? + (bac + bac — 2aca’c’)z* ~ bcb’c’z +e? =0. 
Prove also that the equation whose roots are «/a’, «/B’, Bla’, BIB’ is obtained 
from the last equation by interchanging a’ and c’. 


SYSTEMS OF EQUATIONS 


Solve the equations in Exx. 3-28. 


3. 23+y=8, xzyt+(xt+y)=2. [Put 2+y=), zy=p.] 
4. xy +y? +r +y=3, 2(x-1)\(y—-1)=-1. 
5. x(1 -y?)=2y, y(l—2*)=2z2. 
6. r+y+z=9, x?+y?+z?=29, mty tz Hh, 
T. (yt2zy(2+a)(at+y)=42, (x+1)(y+1)(z+1)=9, gryz=l. 
z? y2 9 25 
8. oS ea 
9. yz +2y + 4z =2zx + 4z +x =4xry +x +2y =". 
216 y" 9 - 
10. 7 TY, 79 TY. 
xi+3 _ vy? — 6 -6 -t3 
Eh. - 
yY TY v 
2 Z 
12. ade E Eucla 4 ae 
a-y a-x a? --y? at—2? a 


13. (l-2)?*+(1-y)?=(1l-2)(1-y)(1-xy), ay(1—2x)*+ba (1 —y)?=0. 
[Put z=1-A, y=1l-y and prove that aà? -Afla -b)+a—b=0 and 
bu? — p(b-a)+b-a=0.] 

a +e®'—b+2+2, 


14, y?+ z22=a+y+2, L? +Y =c +T +y. 


15. yz+zx + xy=a? -r =b! -y= az. 
[(x +y)(x +z)=a?, etc.] 
16. z(y +z- x)=a?, y(z+x-y)=b?, 2(x+y—z)=c% 
apan E E ,-1.,.} 

b’ z ic x£ a` 
[Put w=a+A, y=b+p, z=c+7v.] 


18. ayz +by + cz =bzx + cz +ax=cxy+ax+by=a +b +c. 


17. ae 
y 


19. r? +y +z=y%? +z +x=z74 x +y=3. 


e e =... 
` y+z+l z+x x+y-l 


21. 2?+(y—z)*=a*, y?+(z-x)=b?, 

22. x(be — xy) =y (xy ~ac), 
xy(ay + bx — xy) =abe(x + y - c). 

23. (e-y)(w-2)=ax, (y-z)(y—a)=by, (z-æ)(z-y)=cz. 

24, yz(a —x)=axz?, zæ(b-—-y)=by?, xy(c —2)=c2?, 

25. 3(x+yz)=4(yt+2x)=5(z+ay), 8x-9y=l. 

26. u+v=2, ux+vy= -l, ux? + vy =5. 


z 
~ EY TZ 


z? +(x- y) =c?. 


ux? + vy? =I1l, 
1 1 2 21 1 2 
Sef ee ey agp See 
xy Y YÉ L 


28. Na+1l+NVy—2=V2-14+Vy4+2=3. 


27. x+y =x% +y =a, 
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Sat+1 2y+1 s+y+5 


29. If a es - prove that y+l= +x, and solve the 
equations. 
Lt yY a® b : x» 
30. ha = oo show that either ater =0 or x+y=a +b. 


[Put x=aX, y=bY, and show (X + Y +1)(aX +bY -a -b)=0.] 
31. Eliminate z, y, z from 
= (yt2—2) =) (z+2-y)= (£+y-2) and ax+by+cz=0. 
32. If r? -y4=y? -xt =at and x+y= —a, and 2, y are unequal, prove that 
(i) zy=a?(a—1)/(2a-1), (ii) 3a°-3a?4+3a-1=0, (iii) 3æ? (x? +y?)= - 1, 
(iv) 8a(z°+y3)=2-a, and (v) 3a(at+y*+1)=2 +4402. 


33. If yP2r + (yt2)?+ Ayz=1+d, 
zex? + (z +2)? + Azx=1+A and LLY, 
then will xy? + (ety)? + Acy=1+a. 


34. If x, y, z satisfy the equations 
I 1 1l 1 1 1 1 1 1 


inn ENS 


£z y+z a 


y z+% 0 


7" z ety c’ 


prove that 7(b+c—a)=y(c+a—-b)=z(a+b-—c): and hence solve the equations. 
35. If ax? + by? +cz?=0, ayz +bzx +cry=0 and z? +y? +23 + Axyz =0, prove that 
aè +b +c? + Aabe =0. 
36. Ifa+b+c=0 and x+y+z=0, prove that 
Žar? — Xbecyz =} 2a? . Lx. 
[Use the identities (by + cz - ax)? =(bz +cy¥, etc.] 
37. Given that 
ax(y +z- x)+by(z +x -y)+cz(x+y-z)=0 
and a?x? + bzy? + c2z? — 2bcyz — 2cazx — 2abxy =0, 
Tc e 
a(b—c)® b(c—a)* c(a—b)? 
38. Eliminate x, y, z from 
(z +x -y}(x +y- z)=ayz, 
(x +y- z)ly+ z- x)=bzx, 
(y +2- x)(z +x -y)=cty, 
showing that the result is 


show that 


abc =(a+b+c —4)?. 
39. Eliminate x, y, z from 
ex+y-z=a, +y -z7 =03, z+y2-zZ=c3, azyz=di, 
40. Eliminate x and y from 
z? +y =a, ytry=b%, x+y?=c?. 
41. If x? +y? +2z?=1, x+2y+3z=3, 3x +y+2z=3, prove that 
x -8y +5z= +3. 
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42. Show that the — 
x+y+2z==0, z- 55 -Z =0, 32yz — 25zx — 63xy =0 
are consistent, and find z: y: z. 


43. If x, y, z are not all zero and 
x? — ayz =y? — bea =2? — cry =$ (x? + y? +27), 
prove that a?+6?+c?=2abe+1 and 2?/(1 —a?)=y?/(1 — 6?) =z?/(1 —c?). 


44. Show that if =a, y =b, z=c is a solution of 


px + qy? + rz? = sxyz, 
then 
x=a(qb? —rce’), y=b(res— pa’), z=c(pa' — qb?) 
is another solution. 


45, If +z -x)= 4 E +x- y)= = (æ+y- z) and l+m+n=0, show that 
xie ee = 2/90": 
46. Eliminate x, y from (b —x)(c — y) =a’, (c-x)(a —- y) =b?, (a —x)(b —y) =c?. 
47. If the four expressions 
x+y? + 2274 m(yz+2x+2y), Y? +2? +u? + m(zu+ uy +yz), 
z? +u? +r? + m(ux + xz +zu), wW+er+y?+m(cyt+yutuz), 
are equal, prove that each is equal to (x? +y? +z? +u?). 
48. If £i, £z, ... x, are all different and 
LHE La HE La? + Hy? La + He" 
ta Lay Lly Balg 
prove that x? +x? =(kt — 4k? 4+ 2) 2,25. 
49. (i) Eliminate x, y, z, t from the equations 
ax +by+cz+dt=0, a’x+b’y+c’2+ad’'t=0, 


showing that the result is 
LMN + Lmn + Mnl+Nilm=0, 
where l=(bc'), m=(ca’), n=(ab’), 
L=(ad’), M=(bd’), N=(cd’). 


(ii) Use this to prove Exercise XVI, 25, (iii). 


; l o> L 
[(ì) Prove that (a2 — #2) yz Sieg = eink ~(y? zat 
the unwritten fractions being obtained by the cyclic substitutions (xyz), (Imn), 
(LMN). Now put z?, y*, 2, t? for x, y, z, t in Ex. XVI, 25, (i). 


(ii) Let x=cos «+ısin «æ, y=cosf+.sin B, etc., where a, B, y, ô are the 
angles which the sides a, b, c, d make with a fixed line. By projecting along 
and perpendicular to this line, prove that the four given equations hold.] 


Z a are 3 


CHAPTER XI 
RECIPROCAL AND BINOMIAL EQUATIONS 


1. Reciprocal Equations. A reciprocal equation is an equation 
which possesses the following property: If œ is any root, then l/æ is also 
a root. 

Let «, $, ... be the roots of 


Age” + 21 +. Ay pT, =O, orc cece ccs eeeeees (A) 
then l/æ, 1/8, ... are the roots of 
Ant” +A, 0" 14+... +a +a) =0. 
Hence (A) is a reciprocal equation if and only if 


ao ay _9n-1_ On 


— —- 


An Ana = Ay 

Denoting each of these fractions by k, we have 

Pa es 
Qn Ay 
so that k= +1. 

We shall say that Reciprocal Equations are of the first or second types 
according as k= +1 or k= —1, that is according as a,=a,_, OF @,= —Qy_py 
for r=0, 1, 2, ... n. 

Theorem 1. The solution of any reciprocal equation depends on that of a 
reciprocal equation of the first type and of even degree. 

Let f(x) =a or" +a”! +... +a, =0 be a reciprocal equation. If this rs 


of the first type, x"f o =f(x). 
Let n be odd and equal to 2m+1. Then the equation may be written 
F(x) =a9(2?™+1 +1) +a,2(2? 141) +... +a” (x +1) =0. 
Therefore f(z) is divisible by x +1, and if ġ(x) is the quotient, 
1s ] 
A3) F) 


cmg Je = LMH. oae aul OD) gs 


l+a ax+1 


£ 
hence ¢(z) =0 is a reciprocal equation of the first type of degree 2m. 


TYPES OF RECIPROCAL EQUATIONS 169 


If f(x) =0 ts of the second type, af (—) = — f(x). 

Let n=2m+1. Grouping the terms as before, we can show that f(x) is 
divisible by z—1, and that, if (x) is the quotient, then zing (2 )= f(z) : 
with the same result as before. 


Again, if n=2m, since a,= —đ@ m_p it follows that a,,=—a,,, and 
therefore a,,=0. Hence the equation may be written 


[ (x) =a (2? — 1) + aya(a?™—* - 1) +... +a" (a? — 1) =0. 
Therefore f(z) is divisible by z?-1, and if 4(x) is the quotient, 


1 = 
2m—2 Z |= pe2m—e2 — — ym ia 
: 6(;) j l 1 ” B i ol] piz) 


Thus in every case the solution of f(z) =0 depends on that of a reciprocal 
equation ¢(x) =O of the first type and of even degree. 

We say that a reciprocal equation is of the standard form when it is of 
the first type and of even degree. 


Theorem 2. The solution of a reciprocal equation of the first type and of 
degree 2m depends on that of an equation of degree m. 
Let the equation be 


agre™ + arm! + eae + Ax + Qo = (), 


Dividing by z™, this may be written 


l 1 
Ag (a + a) + a, (om + at +. . + Am =(), eesesososooo (A) 
1 l 
Let z+ -=z and 27+ zr 7 Yr 80 that u,=2z; then 
L 
1\2 
p= (+=) —2=2%— 2, 


1 i= pe _ 1 
Also (2+ =)( zi =(z +a) +(a 1+), 


therefore Up = LUy_1 — Upo 
Putting r=3, 4, ... in succession, 
Us =2(2? — 2) -z2 =z? — 3z, 
u, =2 (23 — 3z) — (2? — 2) =24 — 42? + 2, 


and so on. 
Thus equation (A) can be expressed as an equation of degree m in z, and if 
z, is one of its roots, the corresponding values of xare given by z? -zz +1 =0. 
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The reader may verify that 
» Up = 25 — 23 + Bz, Ug = 28 — 624 + 92? — 2, 
Uq = 2? — 12° + 1423 — Tz, Ug = 25 — 828 + 2024 — 162? + 2. 


Kxz.1. Solve 625 + lla - 3325 - 33a? + llr +6 =0. 
One root is -1. Dividing by +1, we have 624 +523 — 3827 +52+6=0. 
Dividing by x? and grouping the terms, 


/ 
6(at+ )+5( e+=)-38=9, 
x x 
If z=2+-, this becomes 6(z? -2)+5z-38=0, thatis 622+52z-50=0; 


io, aS l 
$ or -4?, and z is given by r+ =% or — 42., 


Whence we find x=2, 4, -3 or -4. Thus the roots are —1, 2, 4, —3, -4. 


2. The Binomial Equation x"-1=0. 


(1) If a is a root of z” — 1 =0, so also is a", where r is any integer. 
For (a")" =(a")" =1. 


(2) If m is prime to n, the equations x™® -1 =0 and z” —1=0 have no 
common root except 1. 

For if œ is a common root, then «?”=1 and «?"=1, where p, q are any 
positive integers. Therefore «?”—-% =1, and since m is prime to n, p and q 
can be found so that pm—qn= +1. (See Ch. I, 4, (3).) Hence o=1. 

(3) If n is a prime number and «œ is any imaginary root of x” —1 =0, the 
n roots are 1, æ, a7, ... a7}, 

For every one of this set is a root and no two of them are equal. For 
suppose that the two «? and « (a>b) are equal. Then a*-°=1, and the 


equations z” —1=0 and 2*->=1 have a common imaginary root. This is 
impossible ; for n is a prime and 1<a-b<n, thus n is prime to a—b. 


(4) If n=pqr ... where p, q, 7, ... are primes or powers of primes, the roots 
of x" — 1 =0 are the n terms of the product 
(l +a +a? +... +P) (1 +BB... BIH +y tyt.. Hy) ..., 


where a is a root of x?” -1 =0, Bofa*-1=0, y ofz" -1=0, ete. 
Take the case of three factors p, q, r; similar reasoning applying in all 
cases. 


Any term of the product, for instance «*B°), is a root. For 
(æ%)" = (a?) =1, 


and similarly (8°)"=1 and (y°)"”=1. 
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If any two terms are equal, for instance, if atè, =a% pè ye, then 
pe- ye- == q2’-@2, which is impossible, for B’-*’y°-’ is a root of 27”-1=0 
and «?’— is a root of z? -1 =0 ; and since p is prime to qr, these equations 
have no common root except L. 

(5) As explained in Ch. V, 17, the roots of ies 1=0 are 


Irr . rr 
COS == + L sin —— , where r=0,1,2,...n-l. 
n 


The imaginary roots are therefore 


Dr . rr 
cos — + sin — , where r=1,2,... 
n n 


according as n is odd or even. 
If z” -1 is divided by x—1 or z?—1 according as n is odd or even and 
ġ(x) is the quotient, then ġ(x)=0 is a reciprocal equation, and if this is 


TIET 1 
transformed by the substitution Z=2+7, the values of z are 


J where E E PA a or A 
n 2 2 


3. Special Roots of x”-1=0. 


: 2r . rn. 
(1) If r is less than n and prime to n, then cos +ısin — is a root of 


z”—1=0, but ü is not a root of any equation of lower degree, and of the 
same type. 


i Irr . Qrar\m 
For, if (cos —— + sin — ) =1, where m<n, 
n n 
2rmr . 2rmr 
then cos a +810 = S l. 


Therefore rm is divisible by n, and since n is prime to r, m must be 
divisible by n. This is impossible, for m<n. 

Definition. Any root of z” — 1 =0 which is not a root of an equation of 
the same type and of lower degree is called a special root of the equation. 


. 2r . 2ra 
The special roots of 2*—1=0 are cos = tesin——, where r<n and 


prime to n. Thus, z”—1=0 has (n) special roots, where ¢(n) is the 
number of numbers less than n and prime to n, including unity. 
If r<n and prime to n then n --r is prime to n, and therefore 


Qrer 


Irr 
cos —— +: sın — 
n n 


ki 
are special roots. These can be arranged in pairs, (a, a (p, 4)” etc 
so that they are the roots of a reciprocal equation. ` 
M B.C.A. 
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(2) If œ is a special root of x” —1 =0, the n roots are 1, «, a, ... 2%}. 

For every one of the set is a root. And if two of them are equal, for 
instance, if «*=a, then œt? =]1, so that « is a root of z4~>=1. This is 
impossible, for the last equation is of lower degree than g” — 1 =0. 


(3) If æ is any special root of x” — l =0, the complete set of special roots ts 
b af, ... where a, b, c, ... are the numbers less than n and prime to tt, 
including unity. 


at, x 


For if a is any number less than n and prime to it, the remainders when 
a, 2a, 3a... (n—1)a are divided by n are the numbers 1, 2,3, ...n—1, 
taken in some order or other (Ch. I, 10). And since a”=1, it follows 
that every number in the set œf, «74, «4, ... a72, occurs somewhere 
in the set «, x, a?,...«”-!. Therefore x is a special root. 


4. The Equation x"-A=0. 
(1) Let A=a(cosa+uesina«), where a=| A], then the roots of 2*-A=0 


+ Dror X 


0 4 “a ; + 2r 
are RLE {os -= of L SIN i eg) , where r=0,1, 2,...n—1. 
n n f 


For by De Moivre’s theorem, this expression is a root for every r, and 
its n values are all different. 


a+ 2ra . a+ 29a ( x . X Zr . ara 
Since cos ————- + esin- --—=( cos - +esin = | cos — +4 sin =) 
n n \ on n n n 
it follows that the n values of %/A may be found by multiplying any value of 
VA by the n-th roots of unity. 


(2) The roots of z*+1=0 are 


2r + l) . (2r+l)r 
Peeling eters ee where r=0, 1, 2,...n—1. 
n n 


This is obtained by putting a=1, «=7 in (1). 


Ex. 1. Solve 5-1 =0. Deduce the values of cos 36° and cos 72°. 
The real root is 1. Dividing by z - 1, 


À 1 1 
tat t+a2?+a2+1--0, that is, 2° Pa +2 aot =Q. 


Let pant. then 27+2-1=0, giving z= %(—-1L+n/5). 


2r . 29 
The values of x are cos = +t sin ma Fak2). 
9 
Therefore the values of z are 2 cos a and 2 oos Z . Now cos = = — CO8 a3 
9 
EETA A w» NOt Tt 2 noo NO] 
: COB z = COs 36° = T and cos 5 =cos 72° = go 
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Ex. 2. What are the special roots of £! -1 =0. Find the equation of which these are 
the roots. Show that this can be reduced to an equation of the fourth degree. What are tts 
roots ? 

The numbers < 15 and prime to 15 are 

1, 2, 4, 7, 15-7, 15-4, 15-2, 15-1. 


Irr 


The special roots are cos aba +t sin TE 


The non-special roots are the roots of z? — 1 =0 and zë - 1 =0. 
The L.C.M. of z3 —1 and zê — 1 is (x? +x + 1)(x$ -— 1) and 
sS-1 a tat HI 
(x? +2 +1)(2° - 1) eee tl 
Therefore the equation whose roots are the special roots is 
8-2? +25-ai+23-x2+1=0,. 


1 l 
. A E E ee: 
that is, (z +3] (« + EGE )- 1=0. 


If z=2z +, this becomes 
(z4 — 42? +2) — (z2? —-3z)+z2-1=0, 
that is, z4 — 23 — 4z? + 4z +1 =0, 


(r=1, 2, 4, 7). 


= 98 gta attal. 


of which the rvots are 2 cos = (r=1, 2, 4, 7). 


5. The Equation x!7-1=0. Gauss discovered that the solution of 
this equation depends on that of four quadratic equations. This can be 
proved as follows. 

The imaginary roots of z!17—1=0 are 


2r 2ra 
— sl 2 3S: 
cos 17 +4 sin — TT where r=l1, 2, 
ra 
Let y,=cos TT then we have 
Yaa y and 2y =e t Ypa a a (A) 
Also the sum of the imaginary roots is — 1, therefore 
Yi tYatYz t.. Lyz= -—ż. eeesesssocorooosoooosovosono (B) 


Equations (A) lead to an arrangement in pairs of Y1, Y2 --- Ys, Which has 
a remarkable cyclic property. Starting with the pair y,y,, we have 


2y1Y4=Ya + Ys» 2y3y5 =Y + Ya\ E (C) 
Yaya =Y +Y 2WYelr=Ii + Yl 
On trial, it will appear that no y except y,, taken with y,, will lead to a 
like result. 


Let Yr:tYy=2a, Yz +y; =2P, YotYg=2y, D. rer ..(D) 
then 4144 =É, Y3Ys =Y» Yaya = 9; Yet =X 
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It follows that any relation connecting a, B, y, Ò continues to hold after 
the cyclic substitution («Bys). 
Such relations are the following. 
By (B) Be BO a E eee gaat: (E) 
Again, using equations (A), 
AY =F (YY + Y1Ys + Y4Y2 + YaYs) = 8 (Y1 + Y3 + Y7 + Ys + Yat Ye + Ya + Ys) 


therefore Rye e EPEE E E (F) 
Consequently poe ee ee ee ee (G) 
Similarly we can show that 

LGa 6 2d 44 S E EEE (H) 
MPO E E ste locate: (I) 
Finally let ety, E a E E A E (J) 
Then by (E) A+p=—-4. 
Also 4Au = aß + By + yd + aò. 


Hence by (H) and three equations derived from this by the cyclic sub- 
stitution (aS ys), we find that 


Ap = 76 
Thus Yi» Y4 are the roots of y2—-2ay+PB =0 


Y3> Ys 33 29 y? —2By +y =0 
Yo Ys on  »  YP—2yy+òð =0 


Ye Y7 . : yY? — 20y +a S50 phe sicdenaten sates (K) 
a, Y » »  Y-2iy-re=0 
B, 6 os yf — 2ny —te=0 
À, p 1 > y+ 3y- ys=0 
Since cos 0 decreases as 0 increases from 0 to v, the greater root of each 


quadratic is that which is stated first. 
Thus, starting with the last equation and working upwards, the values 
of Y1, Ya --- Yg can be found, and then the roots of x! —1=0 are given by 
—2y,2+1=0, etc. 


Ex. 1. Express cos a as a surd. 


By (K), À= -3 +ivlTľ, p= -3-1 
and Fik y =À -NP, nes 
where . p=—4(34- 2,/17), q=75(34 +2417). 

Also cos <2 =y, =a +y (a =) ; 


and by (I), a? —B=4(14+y—28)=4(1 +À -2u -Vp - 20/9); 
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eo cos 57 = Al- 1 +417 +4 (34 - 2/17) 
+ ESL + B/17 -y (34 — 2/17) - 24 (34 + 2/17)}. 
Nore. (i) The cosines of a foe ; va can be expressed in a similar form; the 


surd values of the sines of these angles involve one more radical sign. (Ex. XIX, 22.) 


(ii) Any length determined by a quadratic equation can be found geometrically. 
It is therefore possible, by the use of ruler and compasses only, to effect the following 
construction. 


6. To inscribe a regular 17-sided Polygon in a Circle. 
Take the radius of the circle as unit of length. Let O be the centre. 
Draw 2'Ox, y'Oy at right angles, cutting the circle in A, A’ and B, B’. 
Let the vertices of a regular inscribed 17-gon be marked 0, 1, 2, ... 17, the 
point O coinciding with B. The ordinates y,, Yz... yg of the points 
1, 2,... 8 are given by the equations of Art. 5. To solve these geomet- 
rically, observe that the roots of y?—2ay+6=0 are the ordinates of the 
points where the axis z=0 cuts the circle z?+y*?-—2ay+b=0 

Thus to find the points (0, yı), (0, Y2)» ..- (0, yg) (two of which are 
marked y, y; in Fig. 27), we have to draw the circles in the Ene table. 


nes A tet a i I a Me ame eroaren mae e m ne ee 


Circle | Centre | chord y=0 | sino =0 Foran 
a?+y?+ $y-g=0 | (0, —35) (tł, 0) | (0, A), (0, p) w 
x?+y?- 2ày-35=0 | (0, A) ( +4, 0) (0, æ), (0, y) A 
x? +4? —2uy—-3e=0 | (0, p) (+4, 0) (0, B),(0,8) |p 
£? +y- 2ay+ B=0 | (0,«) (+V-8,0) | (0,4), (0,y4)| «æ 
x2+4y?—2By+ y=0 | (0,8) (+N—-y,0) | (0,45), (0,y5)| B 
x? +y?—-Qy+ 8=0 | (0, y) (4+NV-8,0) | (0,4), (0, 48)| 7 


x+y? = 2ôy + a=0 (0, 3) ( +N ~a, 0) (0, Ye), (0, Y7) ô 


Beemen re man eaa e e m aa 
maranman amen aem OA eR a a a e SLA LEI NI PIS e ne, et epee cape e aee E 


The centres of the circles are marked w, À, u, æ, etc., in Fig. 27. The 
circles w, À, u are easily drawn, giving the points «, B, y, 5. To draw the 
last four circles notice that : 


(i) The circles a, B, y, 5 meet y =0 at the same points as the circles on BB, 
By, Bò, Ba as diameters, respectively. 
For, since the equation to the circle on BB as diameter is 


Un 


which is satisfied by z= +V -$, y=0, we can draw the circles $ und y. 
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(ii) The diameters of the circles «, B, y, & are equal to the tangents from B 
to the circles P, y, 5, æ, respectively. 

For (diameter of © a)?=4(a?—8)=(28+y+1)—48, and the square of 
tangent from B to © B=1-—2B8+y. Hence we can draw the circles a, ò. 


y’ 
Fiq. 27. 


Construction. Along Ox take OJ=40A. Along Oy’ take Ow=}40J. 
With centre w and radius wd draw a circle cutting yOy’ in A, p. With 
centre A and radius AJ draw a circle cutting yOy’ in œ, y. With centre u 
and radius pJ draw a circle cutting yOy’ in $, 6. Draw the circle on By 
as diameter cutting Ox in G. With centre $ and radius BG draw a circle 
cutting yOy’ in Yz, Ys. 

Through y3, y5 draw parallels to z/Ox. These lines meet the given circle 
in the vertices 3, 14 and 5, 12 of the required 17-gon, which can be com- 
pleted by bisecting the arc 35 at 4 and setting off arcs equal to 34. 

Or we may draw the circles œ, y, 6 as explained above, 
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EXERCISE XIX 
RECIPROCAL AND BINOMIAL EQUATIONS 


Solve the equations in Exx. 1-9: 
1. x4 ~ 82° + 17r? —-82+1=0. 
3. 2x4 + 323 +522 +324+2=0. 
5. 2054 524-52 -2=0. 
T. 2a:% — a5 — 293 ~x+2=0. 


2. 24+ 623 — 5r? + 62+1=0. 

4, 2m +23 —~17z?+2+4+2=0. 

6. 325 — 1024 — 3r? — 3x? — 10x +3 =0. 
8. 2x — x? — 32! —- 323 -x +2 =0. 


9. e8+14+(e+1)§=2(z?4+241)4. 
[Write this v4+2-4+(%+27142)4=2(%+271+1)4, and show that this reduces 
to (v+x2714+1)(x+4%714+2)=0.] 
10. If s,=1l+u,t+u,t...+u, where u, =a" +07” and z=x+27}, prove that 
8, at and 8, =2Sn 1 —8n_2- 
Hence show that 
Sy the 8-2 
SS o be eZee .. Sees ee essere: 1, 
8, 2° +2! -- 423 -3z27+ 32+ ] 
Sy ah +2? - azt-- 43 b O27 -- Bz -- I. 
Note that s,=0 1s the equation on which the solution of x?"+1-—1=0 depends. 
l-a” l~g” 


E ls eevee — -%7!)=2 -z. 
[1 +38, ioe + Poge and 1 x)(1-271) z.| 


11. If « is an imaginary root of x? -1=0, the equation whose roots are «+ «, 
aortas, ot teat is 8,=2°+27-22-1=0. 
12. If n is a prime, the special roots of xz?” — 1 =0 are the roots of x"+1=0. 


13. The special roots of z®°-1=0 are the roots of 2°+23+1=0, and their 


2 ee’ 
values are cos = +esin ae where r=], 2, 4. 


14. The special roots of x12-1=0 are the roots of z4—2?4+1=0, and their 
values are +: (cos ; +esin z) , that is, +4(V3 £14). 

[To find the equation, divide git] by the L.C.M. of x? - 1, 28-1, z4-1, x*-1, 
i.e. by the L.C.M. of #*—1, x8- 1.] 


15. If «, B, y are the roots of az*+bz?+cx+d=0, prove that the equation 
whose roots are « + f B+ : + : is 
aT, Dp? ~ 
a B? y 


adz? + (ac + bd) z? + (ab + bc + cd — 3ad)z + (a - c} + (b - d} =0. 
[Prove thatad I] {a? -x(a +07!) + 1}={(ax? + bz? + cx +d)(dx? +cx?+bx +a)}, and 
write (x? + 1)/x=z2.] 
16. Show that there is a value of k for which z! — 15x? — 8x? + 2 is divisible by 
x? +kx+ 1, and find this value. 


[Show that 2° ~ 15r- 8x? +2=0 has two roots «, 8 such that «B=1. Then 
k= -(a+ß)} ` 
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17. For the equation x‘ + pr? + qz*+px+1=0, prove that 
(i) the roots are all real if, and only if, 
4(q-2)<p?<($q+1)? and 2¢+4<p’; 


(ii) the roots are all imaginary if, and only if, p?<($q +1)? and at least 
one of the two inequalities p?<4(g —2), p?<2q+4 holds ; 


(iii) two roots are real and two imaginary if (fq + 1)? < p°. 
[If z=x2+27', then z?+ pz +q -2=0. Let z,, z, be the values of z, then 
r=}(a +yz? -4) or $(z: +27 -4). 


If any value of x is real, one and therefore both values of z must be real, and so 
p?>4(q-2). The conditions in question can now be obtained by considering 
the equation whose roots are z,? — 4, 2, — 4.] 


18. If in the last example all the roots of the given equation are imaginary and the 
values of z are real, prove that |p|<4 and q<6. 
[For then 4(q - 2)<p?<2q¢ +4, etc.] 


19. If (x —1)§=a(a5—1) and #1, prove that 
1 4+a+%5a(4+a) 
x 2(1—a) 


Also if 0<a> 16, the given equation has three real and two imaginary roots, 
but ifa <0 or a> 16, the only real root is 1. 


20. Show that, if r is any integer, the roots of 
n(n-1) ,  n(n—1)(n - 2) 
2 eT 
(4r+1)a 
án ` 


1 -ng — LH... +à 1) Nnn 0 


are the values of tan 


21. If y,=cos “rn , show that 


24142 =Y +Y = - $, 


and deduce the construction indicated in the 
figure for inscribing a regular pentagon in 
a circle. 


In the figure OH =404, and OK =40H. 


.  2ar m ; 
22. Prove that the values of sin 7 and cos 17 ae respectively 


Via (17 — V17 + (34 — 2,/17)} — Tev {17 + B17 + V(34 — 24/17) +24 (34 + 2/17)}], 
and i {1 — 17 + (34 - 217) + bay {17 + 8/17 + (84 - 2/17) + 24/(84+2,/17)} 


[Referring to Art. 5, Ex. 1, sin ray (—3y,) and 


8=p-VG Ya=y+N (y?-8)=y+ by (1+a—28) ; 
^ Ya=y +N +A —2p4+/pt2n/9}.] 


CHAPTER XII 
CUBIC AND BIQUADRATIC EQUATIONS 


1. The Cubic Equation. Thestandard form of the cubic equation is 


MSO? a A et = T (A) 
If x=y — b/a this equation becomes 
3H G 
y? + q a o nia tite AE TT (B) 
where H=uac-0?, G =a&?d —3abe + 20°. 


If z=ay=ax +b, the equation is 
Po POMS OU... r e (C) 


If a, B, y are the roots of (A), those of (B) are a+b/a, B+b/a, y+/a, 
those of (C) are aa +b, aß +b, ay +b. 


2. Equation whose Roots are the Squares of the Differ- 
ences of the Roots. The differences of the roots are the same for 
equations (A) and (B). Hence the equation whose roots are 


(B-y)*, (y-a), («-B)?, 
is obtained by putting q =3H/a?, r=G/a5 in Ch. VI, 17. 
The resulting equation is 


az? + 1 8a4H2* + 81a? H?z + 27 (G2 +4H3)=0, ...... ce. (D) 
whence the important equality 
a8 (B — y)*(y —a)? (a — B)?= —27(G2 +43). 00. (E) 
It is easily verified that 
G FAH eW A nana (F) 
where A =a*d* — abcd + 4uc® + 469d — 3b?%c2, oilan (G) 
so that at(B-y}(y-a)} (æ -p= — ATA. oc eee eee (H) 


The function 4 is called the discriminant of the cubic u, and its vanishing 
is the necessary and sufficient condition that the equation u=0 should 
have two equal roots. 
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3. Character of the Roots. Excluding the case in which two 
roots are equal, and remembering that imaginary roots occur in pairs, the 
possibilities are 


(i) All the roots may be real, and then by (H), 4<0. 

(ii) One root may be real and two imaginary ; and, denoting the roots by a, 
À +p, we find that the product of the squares of the differences of the roots 
is equal to — 4u?{ (a — A)? + p?}, so that A>0. 

Hence if 4<0, all the roots are real and unequal ; if 4>0, one root ts real 
and two are imaginary. . 

Also it follows from equation (D) that H =0, G=0 are the necessary and 
sufficient conditions for three equal roots. 


4. Cardan’s Solution. If z=ax+b, the equation 


aa? F Ibr Ser =O n i (A) 
becomes PFS Hra =O- eai (B) 
Let z=mi+n®; then 23-3min?z—(mtn)=0. oaao. (C) 


Comparing (B) and (C), mîn?=-H, m+n=-G. 
Therefore m and n are the roots of (+ Gt—H=0, acceca (D) 
and we may take m=}(—G+/G?+ 4H). 

If Q denotes any one of the three values of 

Jl- +) G24 4H), 

the three values of m? are Q, wQ, w2Q, where w is an imaginary cube root 
of unity. 

Also, because m*n* = —H, the corresponding values of n? are 

—-H/Q,. —w?H/Q, —wH/Q. 
Hence the values of z, that is of ax + b, are 
Q-H/Q, wQ-wH/Q, Q- wH/Q. 


Norse. If G?+4H%< 0, all the roots of the cubic are real, but Cardan’s solution 
gives them in an imaginary form, which is very unsuitable for practical purposes.* 
In this case a solution can be easily obtained as follows. 


5. Trigonometrical Solution when G?+4H3?<0. Taking the 
equation 
Oo OH ZAG = Oy. ene (A) 


when G?+4H°<0, a solution can be obtained by using the equation 
cos 30 = 4 cos*@ — 3 cos 8. 


* This is sometimes called the irreducible case. 
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If cos 30 is known, cos @ is determined by 
cosh — $ cos 9—4 cos BO=0. oeren (B) 
Let z=q cos 0, so that 


3H G 
C0896 + —— cos A + ~= 0. oeeresseseresessosesecsone c 
P 9 (C) 
Equations (B) and (C) are identical if 
a 4G G 
0/7 and -coisbs = SS aD 
: gQ@ W- H’ (D) 


Now G?< —4H%, and so a real value of @ can be found to satisfy the last 
equation. If œ is any such value, the roots of (A) are 


Qa 2a 
q COS a, cos (=" +a), qoos (=~). 


Ex. l. If all the roots of ax? + 3bx? + 3cx +d =0 are real, show that the equation can be 

reduced to 
E -—-t+u=0, where 27y?<4, 

by a substitution of the form x=p+qt, where p and q are real. 

If z=ax +b, the equation becomes 2? -—hz+G=0, 
where A= —3H =3(b?-ac). Since all the roots are real, G?+4H°<0, .. H<0O and 
h >0. 

Writing z=./h.t, the equation becomes #-—é+y=0 where p=G/./h, and the 
substitution is 
22 gull 

a a 


4 nae 


Nore. The roots of the cubic can be expressed as convergent series by using this 
reduction. (See Ch. XXIX, 3.) 


6. Two Important Functions of the Roots.. 

Let L=at+twBpt+ow*y, M=at+wBt+wy, — 
where w is an imaginary cube root of unity, and observe that 

w=], l+wtw=0, w-w?= +1,/3. 

(1) The interchange of any two of the letters a, P, y transforms either of the 
functions L’, M? into the other. 

Thus the transposition (æ, 8) changes L3 into 

(B+ wat wy) =(wa+ wh + wy)? = wM? = M3, 

It is the existence of functions possessing this property which makes 
the solution of a cubic equation depend on that of a quadratic. 

(2) Land M are functions of the differences of a, B, y. For since 

1+w+w*=0, 

they are unaltered by writing æ + h, B +h, y +h fora, B, y. 
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(3) We have the following equalities : 
L+M=2%-f-y,  L-M=(w-w%)(B-y), 
w L+ wM =28-y-a, w*L-wM =(w—-w?)(y—a), 
wL + wM =2y-a-—B8, wL- wl =(w -— w*)(«— B). 
Also, by Ex. XII, 9, 
(2a — B - y) (2B - y-a) (2y -a - B) = — 27a’. 


Therefore EPP MASAT G Os, aa aa (A) 
L3 — M? = —3(w— w*)(B—-y)(y—a)(a— p) en (B) 
Moreover, LM = par = Apy = OH 07> a a aa (C) 


(4) From equations (A) and (C) it follows that (4aZ), (łaM} are the 
roots of 
t+ Gt- H’ =0, 


which is the auxiliary quadratic in Cardan’s solution. 


7. The Cubic as the Sum of Two Cubes. 
If u=az? + 3br? + 3cx +d, then constants A, B, À, u can be found such that 
u= A(x- À} + B(x —p), 
provided that u has no square factor. Also À, u are the roots of 
H = (ac — b?) x? + (ad — be) x + (bd — cc?) =0. 
By expanding and equating coefficients it will be seen that the identity 
(A) holds if A+B=u AA + pB = a (B) 
XA + p2B=c Visine ag) oon 
Eliminating A, B from the first three and from the last three of these 
equations, 
a( Xu — Aw?) + b( A? —p?) + c(A—p) =0, 
b (Au? — Au?) + ¢( Apu — Ap?) +d (Au — Au?) =0. 
Assume that neither A nor pu is zero and that As4p, and divide the first 
of these equations by À -pu and the second by Aw(A—p), then 
aAut+b(A+p)+ce=0, and bAu+e(A+p)+d=0. 
Eliminating p, 
(aA+b)(cdA+d) —(bA+c)*=0. 
Therefore A and, by symmetry, u are the roots of 


(ax + b) (cx +d) — (bx +c)? =0, 
which is the same as 


H = (ac — b?) 22 + (ad — be) a + (bd —02) =O. ocn (C) 
Also A, B are given by A+B=a, AA+pB= -b. 
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If A=0, then by equations (B), 
os ON E E e 
bd—-c?=0 and p= Oa ae 
so that also in this case A and p are the roots of H=0. 
If A=p, the reasoning fails. This case will arise if, and only if, u=0 has 
two equal roots. For using equation (G) of Art. 2, we find that 


(ad — bc}? — 4 (ac — b?) (bd — cc?) = A. 
Hence, if u=0 has two equal roots, so also has H =0 and vice versa. 


Ex.1. Use the preceding to solve the equation 2x3 +32? -21x +19 =0. 
Let 228 + 3x? — 21x +19 =A(e—-AP+ Ble -uP woccccccscececseeeeeees (A) 


Then À, u are the roots of (22+1)(—7+19)-(z-7)?=0, giving A=], p=2; 
and, equating the coefficients of zì and x? in (A), 


A+B=2, A+2B=-1, sothat A=5, B= -3. 


Hence the given equation may be written 5(x-—1)§=3(x-2)8, and the roots 
are given by 2/5(2-1)=k.2/3(4-2), where k=1, w, w. 


1 Ł 1 1 2 1i 1l 2 
*—2k3* _ (57 — 243°) (5° +k5® . 3% +423”), 


Since k? =], we 
= i z = 5 


— k3? 


Hence the roots are 
1(-1 ~ 3/75 - 3/45), 4(-1—w 2/75 —w? 3/45), $( - 1 -w375 —w 2/45). 
wee’ oe: all 
8. The Hessian. (1) The function H which occurs in the last article 
is called the Hessian, and is of great importance in the theory of the cubic. 
The roots of H=0 will be denoted by A, u, and we shall write 
H = hor? -+ hz + he, 
where h= H =ac-b?, h =ad-bc, h,=bd—c?, 
so that h Sa Ng A. aiii aiki (A) 
(2) Using the identities of Exercise XII, 4, 5, 6, we find that 
- 18H =a?{ (x - a)? (B — y)? + (x - B)? (y - a)? + (x — y)? (æ — B)?}. (B) 
(3) We can find the values of A, u in terms of a, B, y as follows. Let 
L=a+ wp + wy, M =a + wh + wy, 
L'=By+ wya + wap, M' = By + wya + wap. 
Then, if P=(x-a)(B-y), Q=(x-P)(y-«), R=(x-y)(x-ß), we have 
P+Q+R=0, therefore 2'P?= —28QR 
and XP? =4 (LP? - LOR) =$ (P + wQ + R)(P + wQ + wh). 
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It follows from (B) that one root A of H=0 is given by 


(A—a)(B — y) + w(A-B)(y —a) + w?(A— y)(~— B) =9, 


that is, Alw- w) D+ (w* - w) DL’ =0, 
so that à= — L'/L and similarly w= —M'/M. saneren (C) 
(4) It is easy to verify that the substitution 
t= H (ax + b) 
reduces the equation hox? +h,x+h,=0 to 
’?+Gt—-H°=0; 


which is the auxiliary quadratic in Cardan’s solution. 
Thus the roots of the auxiliary quadratic are 


H(aà+b), H(ap+b). 


EXERCISE XX 
THE CUBIC 


1. Find to five places of decimals the real root of 
(i) x° +29x -97=0, (ii) v3+62?+27x-26=0, (iii) x? -— 3z? + 5r -43 =0. 
2. Find to five places of decimals the real roots of 

(i) x3 -3x+1=0, (ii) 2x3+ 1lr?-— 10r + 1=0. 


3. If «, B, y are the roots of ne and k= 4:V3(4q3 -r?), show tł t 


(i) (B -y)(y - a) (æ - B) =3k ' 
(ii) (B-y)(y —«) +(y—a)(a— B) +(e —- B)(B-y)= - ) 
(iii) The equation whose ae are B-y, y-a, a— hs is 
— 9gx + 3k =0. 


(iv) «B+ Byt+y%a=F(r+h), ay+ Paty =E- k). 

(Vv) B + By + yra=aby + Baty B= — 99%. 

(vi) If the roots are all real and «> B> y, the difference between any two 
of the roots cannot exceed 2,/(3q), and the difference between the 
greatest and least must exceed 3,/q. 


4. If «, P, y are the roots of ax? + 3bz* + 3cx +d =0, 
(i) the equation whose roots are $- y, y — a, «—B is 
a®x’ + 9Hax + N —27(G?+4H?)=0; 
(ii) the equation whose roots are «28 + B*y + y*a, ay + Ba + y%B is 
atx? — 3a? (ad —3bc) x + 9(a*d? — abcd + Sac’ + 3b*d) = 
In the following examples the letters L, M, L’, M’, ho, hy, ha have the meanings 
assigned in Art. 8, and unless otherwise stated a, B, y are the roots of 
u=ax + 3bz?+3cx+d=0. 


5. Show that L*+"° M= 3M’, and w+? 7 = =3L’. 
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6. If u=A(xz— A)? + B(x — u)? and a, $, y are the roots of u=0, assume that 
A¥ (a —d) +B (0 - p)=wA? (B-A) + BEB - p)=wA? (y - A) +B? (y-p)=0. (A) 
Hence prove that A/B=-L3/M°, A=-L’/L, ae —- M’'{M. 
[Multiply equations (A) by (1, 1, 1), (1, w, w?), (1, w?, w), add and use Ex. 5.] 
T. If k= +./(-44), prove that 


9 
h+k), and uty + Paty h+3e= (hy - k). 


9 
2a? l a 2a? 
8. Find the values of l, m, n such that 
By+lB+my+n=0, yatly+matn=0, «Bt+lat+mB+n=0; 
proving that 2h,l=h, +k, 2hym=h,-k, hon=h., where k= +:/( -44). 
That is to say, any two roots (a, B) of the cubic equation u =0 are connected by the 


h hic’ relati 
omographie TON on eB + (h, +k)a + (hy -X)B + 2m =0. 


d 
a+ By tya t3 z= 


9. Except when 4 =0, there are two substitutions of the form 
=(ly +m)|(Vy + m’), 
which will transform the cubic equation u =0 into itself, and these are 
_(hi+k)y+2h, 
2hoy +h,- k’? 
where 3k?=4h,h, —h,? and ho, h,, ka are the coefficients of the Hessian. 
Explain why this fails if 4 =Q. 
(This is merely another way of stating the last part of Ex. 8.] 


10. Find substitutions of the form x==(ly+m)/(l’'y+m’) which will transform 
the equation x? — 3x? +3 =0 into itself, showing that these are 


a=(2y-3)/(y-1) and x=(y-3)/(y-2). 


11. Find substitutions of the form x=(ly+m)/(l’y+m’) which will transform 
the equation zx? + 32? — 6x + 1 =0 into itself, showing that these are 


x=(y-l)/y and zx=1/(1-y). 


12. Show that any pair of roots «a, 8 of the equation 2°-—32?+3xz-2=0 
are connected by a relation of the form pa+q8+7=0 where p, q, r are the same 
numbers whatever pair is chosen, proving that the relation is 


(/3 — tha+(/3 +t) B -273 =0. 
13. If «, B, y are the roots of x? -3¢x+r=0, find J, m, n such that 
la?+ma+n=B, Ipt+mB+n=y, lytmy+n=a; 
proving that, if «, 8, y are real and «> B> y, then 
l 2m n l 


re aT 


where k="4(4q3 -r?). 
Hence show that with these values of 1, m, n the substitution 
=le? + mz +n 


transforms the equation z? —3qz +r =0 into itself. 
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14. If «, B, y are the roots of x* — 21x +35 =0, show that a? + 2a — 14 is equal to 
either 8 or y. (In other words, the substitution y =x? +2æ — 14 transforms the 
equation into itself.) 


15. If «, B, y are the roots of the cubic w=0 and 
a? +pa+q=k, Bt+pB+q=wk, y?i+py+q=wrk, 


3b 2c b 
prove that p=— +A, T= tA F 
where A is a root of the Hessian H =0. 
2 
Further, if A= -L’'/L, w= - M'|M, then 3k=M(A-p)= el (L: — M’). 


[Multiply by (1, 1, 1), (1, w, w?), (1, w?, w), and add.] 
16. Prove that the equation u=0 is transformed into y°=k* by the 
substitution * y=2?+ px+q, 
f 3b 2c b 
if anes +A, aa 
where A is a root of H=0 and k is determined as in Ex. 15. 


17. Find substitutions of the form y =x? + px+q which will transform 
us x + 3a? +1562+13=0 


into the form y? =k’, giving the value of k in each case. 
[A, p are the roots of x? + 2x — 3 =0 and (4), (4 M} are the roots of 


#+Gt—H?=0, 


i.e. of 2=45. If we take A=1, w= —3, we must take L= —6, M=6. It is thus 
found that each of the substitutions, y=2?+4r7+11 and y=27+7, will 
reduce u=Q to y*=83.] 


18. In Ex. 17, if y=a?+4x2+11, we may have y=8, giving 72+4x7+3=0. 
Explain why it is not to be expected that both roots of this equation satisfy u =0. 


9. The Standard Form of the Biquadratic Equation is 


u=axt + 4br? + bcz? + 4da+e=O.  .ccececccesseceeeeee (A) 
If x=y — bja, this becomes 
6H 4G K 
al Rech ee ce 
ayit YHTYE tk (B) 


where H=ac-b?, G=@?d —3abc+2b5, K =@ðe — 4a?bd + bab c — 34. 
If z=ay=azr+b, the equation becomes 
z4 + 6H2 +4Gz+K=0. oo ccccsccscescenenanes (C) 


If «, B, y, ò are the roots of (A), those of (B) are x +b/a, B +b/a, y +b/a, 
ò +b/a, and those of (C) are ax +b, aß +b, ay +b, aô +b. 


* This is a case of ‘ Techirnhausen’s Transformation.’ (See Art. 17.) 
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10. Some Important Functions of the Roots. Let 
A=By+a6, p=yat+pds, v=ab+y9. 
(1) Any rearrangement of the letters a, P, y, 6 transforms any one of the 
functions À, p, v into itself or into one of the other two. 


It will be found that the existence of functions having this property 
makes the solution of (A) depend on that of a cubic equation. 


(2) The cyclic substitution («Py) changes A to u, p to v, v to À. 


We have (B-y)(«-8)=v—p 
(YQ) BSOSHARV yaa (D) 
~B)(y-8)=p—-A 


Hence if two of a, B, y, 6 are equal, then two of A, p, v are equal, and vice 
versa. 
Also if three of a, B, y, ò are equal, then À=p =v, and vice versa. 


(3) The functions À, p, v are the roots of 
a®y® — 6a®cy* + 4a (4bd — ae) y — 8(2ad? + 2eb? — 3ace)=0. ........ (E) 
For ZÀ = LaB = 6e/a, 
dpv = Loe*By = La. LaoBy —4aByd = 4(4bd — ae)/a?, 
Àv = La? By? + aByd2ia* 


= © (Ad? — 3ce) + (4b? 3ac) 


— Š (oad? + 2eb? — Bace). 
aè 


The second term of this equation can be removed by the substitution 


y= (AEE 20) G eenei en (F) 
and the equation becomes 
e a eed =O, E E E (G) 
where Ee — 4b +36, o.oo ccc cce enc etenccenenccseeseenceeens (H) 
J = ace + 2bed — ad? — 08 = eb?. oe cece cence eens (I) 
Expressed as a determinant 
J=|a b c 
D e A e EaR (J) 
c de 
It will be shown that the solution of (A) depends on equation (G), which 


is called the reducing cubic. 
The functions Z and J are of great importance in the theory of the 
biquadratic. 


N B.CoAc 
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(4) Roots of the Reducing Cubic. Let ¢,, tə tj be the roots of equation 
(G) corresponding to A, p, v respectively. Then by (F) 


Mh nd A( Atm ty)=RA—p— (Ds eee (K) 
whence, by (A), ¢,=qsa{(y -—a)(B—8) —(a@—B)(y—S)}, ... eee eee eee (L) 


with similar values for ta, t}. 

If x, P, y, è are all real, or if they are all imaginary, then t, tz, tz are all 
real, and conversely. 

If two of the roots a, P, y, ò are real and two are imaginary, then only one 
of the three t, tz, tz 1s real, and conversely. 

For A, u, v, and therefore also t,, ta, ts, are all real if æ, B, y, 5 are all real, 
or if «œ, 8, y, 6 are of the forms luim, l tum’. 

Also if x, $ are real and y=1+im, =l- ım, then v is real and A, p are 
imaginary. Moreover, one of these cases must arise, and so the converse 
statements are true. 


(5) The Functions I, J. Since ti, ta, t are functions of the differences 
of a, B, y, ò, so also are I, J. 

It follows that J and J are the same for equations (A) and (B), and 
therefore in equations (H) and (I) we may put 


b=0, c=H/a, d=G/a*, e=K/a’, 


giving @CVl=K+3H? and @®J=Hk -G*- H’, 
whence the important identities 
K=@l-3H*, G?+4H3 =a?(HI—ad). ..... ccc ceeeee (M) 


Another important equality is 
(B — y)®(« — 8)? + (y-a)? (B — 8)? + (a — B)?(y — 8)? = 240 /a® ...... (N) 


For 2(B-y)? (a — 8)? = 2i(v — pp)? = 2(2A? — Ly), 
and aA? — Sv = (LA)? — 8D 
-(*)'-3 er “(ae 4bd + 3c?) = 121/a?. 


(6) The Discriminant. By equations (D), 
a° (B -= y)? (y — a)? (æ — R)? (x — 8)? (B — 8)? (y — ô)? 
= a8 (u =v)? (v 2)2(A—p)? 
= 4° (t3 — t3)? (t3 — t1)? (t1 — ta)? by equation (K) 
LOGA Dy AT 2. aidr a eaves (0) 
where Aea ana a N (P) 
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The function 4 is called the discriminant of the quartic u, and its vanish- 
ing is the necessary and sufficient condition that the equation u=0 may 
have two equal roots. 


11. Character of the Roots. If two roots are equal, then 
4=0. Excluding this case and remembering that if there are any 
imaginary roots, then these occur in pairs, the possible cases are : 


(1) All the roots may be real, and then 4>0. 


(2) Two roots may be real and two imaginary. Denoting the roots by «, B, 
l +m, it is easily shown that the product of the squares of the differences 
of the roots is -—4m?(æ — B)*{ (a — 1)? + m?}2{ (B — 1)? + m?}2, and so 4<0. 
(3) All the roots may be imaginary. Denoting them by lm, lim, 
we find that the product of the squares of the differences of the roots 
i8 16m?m'*{(1 — 1’)? + (m + m’)?}*f (1+ 1’)? + (m — m’)}2, and so A>0. 
Hence (4) If 4<0, two roots are real and two imaginary. 


(5) If 4>0, the roots are all real or all imaginary. 
For the criterion distinguishing the two cases of (5), see Art. 15. 


12. Ferrari’s Solution of the Biquadratic. Writing the 
equation 


u=ax4 + 4br? + bcx? + 4de +e=0, ecese (A) 
we assume that 
au = (ax? + 2bx + s}? — (2mr +n). occse (B) 
Expanding and equating coefficients, we have 
2m? =as + 2b? — 3ac, mn=bs—ad, n?=s?—-ae. onenn. (C) 


Eliminating m, n, 
(s? — ae) (as + 2b? — 3ac) = 2 (bs — ad}, 
which reduces to 


s3 — 3cs? + (4bd — ae) s + (3ace — 2ad? — 2eb?) =0. .............. (D) 
The second term can be removed by the substitution 
SETO Ana E (E) 


and equation (D) becomes 
AP SEAS BU. essesssosssoresssresrresssns (F) 
which is the ‘ reducing cubic.’ (See Art. 10.) Equations (C) become 
m? =at+b*-ac=at—-H 
mn = 2bt + be — ad r Shanes Over eae (G) 
n? = (2t +c)? —ae 
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Thus, if t is a root of (£) and 
m,=/ (at, +b? -ac), n,=(2bt, + be —ad)/m,, 
the equation u=0 can be put into the form 
(ax? + 2bu +c + 2t,)? — (Qmyzx +n)? =O, 
and its roots are the roots of the quadratics 
ax? + 2bx +ce+2t = +(2m 24+ N,). 


It should be noticed tha! the three roots of (F) correspond to the three 
ways of expressing « as the product of two quadratic factors. 
keel. Solve u =x +32 +r? -2 =0. 
Let u = (x? + px +38)? -- (mx +n). 
Expanding and equating coefficients, we have 
p=$, m?=2s+%, mn=3s, n?=8 +2; 


ma 453 — 28? + + 8s +50. 


The last equation is satisfied if s-= —4, and then m?:- -14+3, mu=~ 3. Thus we 
may take s=- 4, m=}, n= -3, 
and U=(e+(p+tm)xt+st+n}{ar+(p—m)x+s—n} 


-= (x? 4-24 — 2) (x7 +x +1). 


Therefore the roots are — 1 + v3, w, w, whero w is an imaginary cube root of 1. 


13. Deductions from Ferrari’s Solution. 
Let B, y be the roots of az*+2br+c4 2t, + (2m x7 +n) =0, oen (H) 
then «, ò are the roots of ax*+2br+¢+ 2t, -—(2m;x +m) 50. occse (I) 


Further, let (y, œ), (x, 8) be the roots of the equations obtained from 
(H) by changing the suffix 1 into 2 and 3 respectively. 


Now apy =c + 2t +n, aad=c+2t,-— nys 
a(B+y)= —2(b+m,), a(a+6)= —2(b—m,), 
therefore a(Py +d) = 2c + 4t, 
which agrees with equation (F) of Art. 10. 
Also a(Py—ad)=2n,, a(B+y—«—S)= —4m, oo... eee (J) 


with similar equations given by the cyclic substitutions (œ, B, y) and 
(1, 2, 3) of the suffixes. 


Hence (i) the values of m are 
—4ja(B+y-a-8), -—4a(y+a—B-5S), -—4a(a+B-—y—8). 
In connection with these functions it should be noted that by Ch. VI, 16, 
Ex. 3, (111), p. 96, 


(B+y—a—8)(yt+a—B-8)(a+B-—y—8)=32G/a%. ........... (K) 
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Also, by (F) and (G), the equation whose roots are 
fea? (8 +y -a - ô}, yga? ( (y +a- Bp - 5), psa? (x +p- y- ò)? 
ts s+ H} wA Lt + BT HO. aaa (L) 


This is an important equation, obtained in another way in Art. 15. 


(11) The values of nare ła(ßy-aò), ga(ya—BS), 2a(aB -— yò). 


tii Sols. st. aye 
(111) The values of om. mg’ oie are 
_ By -a0 — Bd xp — yd 


B+y-a—8’ ee a+B—y—8’ 
and from (F), (G) it follows that these functions are the values of z found by 
eliminating t from 


1 26t + bc —ad 5 
Bie e 5 SOS oea M 
z PaT a and 4~/t+J=0 (M) 


14. Biquadratic as the Product of Quadratic Factors. 

Descartes’ method. Let u=azx' + 4br’ + 6cx? -- 4da +e, and assume that 
u=a(x? + Qle +m) (x? + Ur +m’). 

Expanding and equating coefficients, we have 


1 b , C ? , , d , € 
l+ =2-, m+m=6-~- 4U, lm 4+lm=2-, mm’ =-. 
a a a a 


Now 
1 1 0 | 1 1 0 | 2 l+ m+m’ |=0. 
I vol | voto] | tev W tm'st'm 

|m w O| jiw m 0 m+m lm+lm 2mm’ | 


Substituting the above values for /+l’, m +m’, etc., and multiplying each 
row by a/2, we have 


a b 3c-—2all’ |= 
b all’ d | 
3c—2all’ d e | 
If we write 
t=c—all’, 


the equation becomes 
a b c+% |=0, 
b c-t d 

c+% d e 


which when expanded is 
-It+J=0. 


Corresponding to any root ¢, of this equation, we can now find values of 
l, m, l’, m’ which will satisfy the conditions. 
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Again, if the equation is given in the form u=2*+ pa?+qx+r=0, we 
proceed as in Art. 15, using l instead of 21, to obtain the cubic in the form 
12 (12 +p)? — 4rl? — g?=0, which reduces to an equation lacking the second 
term on substituting z — 2p/3 for l. 

Nore. In numerical work, unless this cubic has rational roots, the solution becomes 
very laborious by the methods described in this chapter; the student can convince 
himself of this by verifying the steps of Cardan’s method for solving the equation, 
z§—~11z-15=0, which is obtained as above for the biquadratic, x4- 3x? -x +2 =0.* 
Later, by one of the methods described in Ch. X XVII, it will be found that one root 
can be found approximately with very little trouble. This is all that is required, since 
it is only necessary to have one way of breaking up u into quadratic factors. 


15. Four Real Roots. In Art. 11, it has been shown that 4>0 is a 
necessary condition that the four roots should be real; also, by De Gua’s 
rule (Ch. VI, 11, Ex. 1), if H>0, at least two of the roots must be imaginary. 

Hence, 4>0, H <0 are necessary conditions that all the roots should be 
real ; but these two alone are not sufficient. 

The complete set of conditions may be found by using Sturm’s theorem, 
given later. This, the usual course adopted in text-books, involves rather 
tedious reckoning ; the conditions can be found much more easily by the 


use of either Ferrari’s or Descartes’ solution of the biquadratic. 
r 


Theórem. The necessary and sufficient conditions that the roots of 
u=art + 4ba + 6cx? + 4da+e=0 
are all real is i) 4>0, H<, and 12H*>a?l, 
or their equivalents (ii) A>0, H0, and 2HI>3aJ. 
Let z=axr+06; then by Art. 9, (C), and Art. 10, (M), z is given by 
v=24+6H22+4G2+K=0, where K=a*l —3H?. 
Now, v=0 has the same number of real roots as u=0. 
For v=0, using the method of Descartes, and supposing that 
v = (2? + 2lz + m)(z2 — 2lz + m’), 
we get, by equating coefficients, 
—4?+m+m'=6H, -—l(m—m')=2G, mm =K. 
Eliminating m and m’ from these equations, (213 + 3H1} - G? =K, or 
418 + 12HP + (9H? — K)l?—- G?=0. 
Hence, since K =a?I — 3H?, the values of l? are the roots of 
4y3 + 12H y? + (12H? —a*l)y —G2=03 oo. eee eee (A) 
which, with the substitution, y + H =at, reduces to 48 — It + J =0. 


* Thus, 2+0°=15, uv=11/3, u—P=—+5-273897, u=2:16423, v=1:6943, z=u-+v0=3°85845, from 
which u=(z4+2-42042z+ 1:63580)(2*—2-420427+4 1:22265)=0. 
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Now the three values of l? correspond to the three ways of expressing 
v as the product of two quadratic factors. Hence, 


(i) If the roots of v=0 are all real, the three values of J? must be all real 
and positive, i.e. the three roots of (A) are all positive. 


(11) If the roots of v=0 are all imaginary, then, since their sum is zero, 
we may denote them by À+, —A-ty’, and thus the values of /* are 
M, -i(utp'), —4(u-p’)*, ie. the roots of (A) are all real, but only one 
is positive ; and conversely. 

(111) If two of the roots of v =0 are real and two imaginary, we may denote 
them by A, u, X tiu’, where A+u+2A’=0; and then the values of B, 
1.e. the roots of (A), are A’?, (A+ A’ tue’), of which one is real and the other 
two imaginary ; and conversely. 

It follows that the roots of v=0, and therefore those of u =0, are all real, 
if, and only if, the roots of (A) are all real and positive. 

Now, the roots of (A) are real if those of 4t? — It + J =O are real ; and this 
is the case if, and only if, A =J*—27J?>0; also, the roots of (A) are, by 
Descartes’ rule (Ch. VI, 9, 10), all real and positive, if, and only if, H is 
negative and 12H?-a*I is positive; which proves the first part of the 
theorem. 


To prove the equivalence of the second set of conditions, suppose 


first that A>0, H<0, and 12H*><a?I, 
Then, since 4=/3~27J2>0, we have I>0; hence, since H<0O, 
it follows that HI<o. 


Also, 12H?I?>a?I3>27a2J?, so that 4H7J?>9a2J?, i.e. | 2HI |>| 3aJ | ; 
and, since HI is negative, therefore 2HI<3aJ. 

Next, suppose that d>0, H<0, and 2H/[<3aJ. 

First observe that, if p and q are any real numbers, positive or negative, 
p?+pq+g=(p+29)? +30 >0; hence, since p? -g°=(p —q)(p? + pg +g’), it 
follows that p? = q° according as p = q.* 

Then, since 2HI<3aJ, and 4>0; we have 8H3/?<27a3J?<al?J ; 
but J is positive, and therefore 8H? <a? J. Now, G?+4H*%=a?(HI-aJ); 
hence, by addition, © G?4+ 12H <@H! ; 
therefore 12H?<a?HI, and dividing by H, which is negative, 12H*>a?. 

Thus, the two sets of conditions are equivalent. 


* In general, if n is odd, p?” —g”% =(p—q)(p™—' + p™—4q +... +qg"%—1), where the last factor is the 
product of pairs of complex conjugate factors, and is therefore positive ; hence p” -7 g” according 


as pq. Sa 
But, if n is even, pn —gn =(p—q)(p +4) (a positive factor), hence p” Z= gn as |p| =I¢l, 


and not as p = q. 
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Alternatively, using Ferrari's method, the equation whose roots are 
pet (B+y—a- ò)’, rea’ (y +a- f- ò)*, rsa (a +p -y - 6)? 
18 4(y+ H) -aI (y+ H) +a =0, 
which, when expanded, is equation (A) on p. 192. 
There are three possibilities. 
(i) AH the roots of u=0 may be real; in that case the roots of (A) are 
all three real and positive. 
(11) All the roots of u=0 may be imaginary ; in that case we may take 
x= À +u, B=A-w, y=N4+w, b= A — yw’ $ 
and the roots of (A) are —4a?(u-pu'), —4a?(u +p}, 1a? (à -— A’)?, which 
are all three real, but one only is positive. 
(111) Two of the roots of u=0 may be real and two imaginary ; we may 
take «æ, 8 to be the real roots and y=A+m, 6=A-cip; and then 
Bs0?(B—at 2p), foala- 8+2), galat B- 2d) 
are the roots of (A), of which one only is real. 
The proof proceeds as before. 


Another method of solving the biquadratic, due to Euler, is given in 
Exercise XXI, 17. 


16. Transformation into the Reciprocal Form. 
The substitution z= py +q transforms the equation u =0 into 
aptyt + 4 Bp y? + 6C py? + 4Dpy +E =0, voce (A) 
where B=aq+b, C=aq?+2bq+c, 
D= (a, b, c, d¥q, 1)8, E= (a, b, c, d, eğq, 1)*. 
This will be a reciprocal equation if apt=E, Bp?= Dp, 
that 1s, if q, p are given by aD?=B?E, pt=D/B. nocere (B) 
Suppose that the conditions (B) are satisfied, and that the roots of (A) 
are Yis Yor Ya, Yq Where YY =Y ya=l. Leta, B, y, & be the corresponding 
roots of u =0, so that 


a=py,t+g, B=py,t+g, y=pyst+q, =PYa +4. 
It follows that 


p =(B—-Q)(y—G) =(A—-G)(8-G), oen (C) 
and therefore 
_ By -28 _(B-«)(B-8)(y—a)(y — 8) 
ag are amma a EE (D) 


Hence by Art. 13, (111), the values of q are the roots of the equation in z found 
by eluminating t from 
1 2bt+ be —ad 


~ 9° at+b?—ae 


and 4B —It+ J=0. oes (E) 
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Nore. The points corresponding to q and qp, as given by (C), are 
respectively the centre C and the foci 
F, F’ of the involution determined by the Po cag F y 6 
points «, 8, y, 5, in which (f, y) and (œ, 8) 
are corresponding pairs of points. That 
is to say, the line segments are such that CB.Cy=Ca.Ci=CF?=F'C%. 


Fra. 29. 


Ez.1. Find a substitution of the form x =py +q which will charge the equation 


Beef a i E 5 sods crea E E E (A) 
into the reciprocal form. Use this to solve the equation. 
Here a=1, b=}, c=0, d=-4, e=-l; 


The equation 4-Jt+J=0 is 4+2¢-338;=0, that is (4t): +2(4t)-3=0. 

One solution is t=}, and by (E) of the text, the corresponding value of g is 

ate, 
atte 


q=-4 


and by (B) of the text, the corresponding value of p? is 


Taking p=1, one substitution of the kind required is 2=y-—1. 
Substituting in (A), the equation becomes yt — 3y? +3y? -3y +1 =0. 
Dividing by y? and putting z=y+y7!, we find that 
22-32+1=0, giving z=4$(3+,/5). 
Also y? -yz+l1=0, .. y= (z+Nz2?—4), and a= (z-24Nz9—4) ; 
~ wad(-14/54N—-246/5), or $(-1-/54+N -2-6,/5). 


17. Tschirnhausen’s Transformation. If we eliminate z 
between 
f (x) =agu" +a"! + aga"? +... +n =0 
and Y =L" +p ur + pot +... + pp (<n), 
we shall obtain an equation of the form 
boy” + by") + boy"? +... +b, =0; 


for a single value of y corresponds to each of the n values of z Thus 
theoretically, in general Pi, Po, -.. Py can be chosen so that r of the 
coefficients b}, b,,... bn are zero. This process is called T'schirnhausen’s 
Transformation: it has been applied to the cubic in Exercise XX, 16. 
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Case of the biquadratic. Let «œ, B, y, 5 be the roots of 
u=azr' + 4br? + 6cx? + 4dz+e=0. 


We shall prove that in general three sets of values of p and q can be found 
such that if x is eliminated between 


u=0 and y=r?+pr+q, 


the resulting equation ts of the form 


a e E E (A) 
Further, the values of p and q are gwen by 
ap=4b+2az, aq=30+2bz, oieee (B) 


where z is one of the three 
D e a 
B+y-a-ô’ oe B-8’ at+tB-y-8" 

One value of y corresponds to each of the four values of x; the result- 
ing equation in y is therefore of the fourth degree. Let p, q be chosen so 
that the coefficients of y and y? are zero, and let +Y, ty, be the values 
of y. Then we may take 

pee coed a AA ie re (€) 

B?+pB+q=Ya» y+ Py+q= -Y 
whence by addition and subtraction, 

B +y? —a? — 824+ p(B+y—a—8) =O, ee (D) 
and Sot DE Ad =O; daar gietitiaas ee E (E) 
where s, = 2a, S= 2a. Hence we have, from (D), 


B?+y? -a2 -82 _ (B +y)? - (x + 8)? -2(By -aò) 


-P= Bry-a-8 Bty-a«-6 l 
Now (B+y)?-(a+8)?=s8,(B+y—-a—-8) ; 
NE sc 
therefore —p=s,—2z, where ag ere 78 
Hence p= - QZ. DE (F) 


Substituting in (E), we find that 
2 
3 -2 eae 2 A (B a )+4q=0, ' 
a a 
E 3c 2bz 
giving (=e 2 i ass (G) 
Moreover, if p, q have these values, it is obvious that the equation in y 


is of the form (A). 
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As will be seen in the next example, each value of y gives one and only 
one value of x which satisfies the equation u=0. 


Ex.1. Find a substitution of the form y =x? + px +q which will reduce the equation 
PA TO SOF EE E T ancdaemns (A) 
to the form y? +fy2+g=0. Find the values of f, g, and use the result to solve the equation. 
Here a=1, b =0, c =0, d =3, e= —5,s0 that I = —5, J = -9; and using Art. 13, (iii), 
we have 


z=; where 4+5¢-9=0. 


One value of ¢ is 1, giving z=ł, and then p=3, q=0. One such substitution is 


therefore 
a ORs E E E E (B) 


To eliminate x from (A) and (B), we have * 


y(x? - 3x) =x — 92? = — 92? — 12x +5, from (A) ; 


~ (y +9) —3B(y -4)t-550. oesesseserrrererrrererrereesees (C) 
But z? +43xz -y =0; 
x? 3x l 


ee ae a a 


`- pray ab pry 6 Zyro 


2. (Y2? +9y — 5)? =9 (y? — 4y +5) (2y +5), 
which reduces to 
yt + 9842 — 200 =0. 


The values of y are +y2, +104, and the corresponding values of v are given by 
x=} (Y? +9y -5)/(2y +5). 
Hence we find that the roots of (A) are 
~l 442, 12.. 


EXERCISE XXI 


THE BIQUADRATIC 


Unless otherwise stated «, B, y, 5 are the roots of 
u =ax* + 4bxr? + bcx? + 4dx+e=0. 
1. If 8+y=a+ 8, show that a?d + 2b? — 3abc =0. 


2. If (B+ y)a8=(a+85)By, show that e3b + 2d? — 3ede =0. 
[Deduce from Ex. 1.] 


3. If By =a«8, show that ad? =67e, 


4. If L=By+05+w(ya+ BS) +w (aß + yò), 
M = By +a +w(yo + BS) +w(aB + yd), 
show that the interchange of any two of the four a, B, y, è changes L* into M>? 
and M? into L. 
* In the case of the general equation, u =0, and the substitution, y=a2*+pz2+g, the method for 
obtaining the second quadratic (C) is 
ylaz® + (4b —ap)z] = (28 + pa +9) laa? + (4b —ap)z] =aat + 4ba + ma? +nz, 
and thus, y[aa* +(4b—ap)z) + 6ea* + 4dz +6 =mi? +nx. 
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5. Show that the equation whose roots are 


_ By = 28 _ BPO. 3 pete x. 
Bty-a-3 ae 8’ at+B-y-4 
is aD? =: Bab 


where B=az+b, D=(a,b,c, dz, 1), E=(a, b,c, d, ebz, 1). 
[Diminish the roots of u=0 by z and use Ex. 3.] 


6. Ifa, B, y, 5 are the roots of u= xt +gqx°+rx-4-s-=0, show that the equation 
whose roots are 


Byt+ad, yatPds, aB+yd 
is z3 — qz? — 492 + 4qs - r? =Q, 


and that if z, is a root of this ie then 


u= Gar vu as (2* + ar + re) 


where À, A, are the roots ae 
‘ À? — r2, +-s=Q. 


7. Show that the equation whose roots are 
(B-y)(a-8), (y-—a«)(B~-8), («—B)(y-8) 
18 az? — 12a Iz 4+-16,/4 =0. 
{Use equations (D), (G) of Art. 10, and Exercise XX, 3, (iii).] 


8. Solve x! — 2273+ a(2x2 —-1)+0 by putting it in the form 
(x? —-x+s8)*=(284+1)z?-2(a4+8)x+4a4-8°, 
and choosing s so that the right-hand side is a perfect square. Hence show that 
the equation has two and only two real roots unless a =1 or 0. 
Solve by Ferrari’s method : 
9. 24+127-5=0. 10. xi +z? ~ 2x- 1 =0. 
11. xt- 3z? -4x -3-0. 12. xt- 4r? 4 5x4 2=0. 
13. zt +122? + 54x? + 96x + 40=0. 


14. Express xt — 4r? + 7x? -—6x-+3 as the product of quadratic factors in three 
different ways. 


15. If «, B, y, 5 are the roots of xt -+3r?-+x?-—2=0, prove that the equation 
whose roots are 


(B+y-a-8)}, (yta-B-8), (æa+B-y- 8) 
is z3 — 192z? + 243z — 225 =0. 
[Use equation (L) of Art. 13.] 


16. Show that the equation whose roots are 
isa? {By(a +8) -—a5(B+y)} 
and two similar expressions is 
4(4+L)*-—eJ(a+L)+eJ =0 
where L =ce — d?. 


[This follows from equation (L) of Art. 13 by changing «a, B, y, è into their 
reciprocals. ] 
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17. Euler's Solution. If Vl, vm, vn denote either of the square roots of l, m, n 
and z=,/l+./m+./n, prove that 


(i) 2t- 251l. 22 —8/IVMNN .2 + SE -2Lmn=0. 
(ii) If this equation is identical with 24 + 6H2z? +462 + K =0, 
then l, m, n are the values of s given by 4s?+12Hs°? + (9H? -- K)s-G°?=0, 
which is the same as 4(s+ H) -aI(s+H)+aJ =0. 
(iii) The complete solution of the biquadratic u =0 is given by 
deotb=-J/l+J/m+/n, aß+b= J/l-/m+/n, 
ay+b= fl+/m-J/n, a84+b= -J/l-/m- J/n, 
the square roots being chosen so that Vl. m . yn has the same sign as G. 


Observe that the values of l, m, n are Ja? (B +y-a-— ò}, etc., see equations 


(L) and (K) of Art. 13. 


18. Find a substitution of the form z= py+q which will transform the 
equation 
xi —]4x7?- 407 —-11=0 


into the reciprocal form. Show that one such substitution is =2y-—1. Use this 
to solve the equation. 


19. In Ex. 1 of Art. 17, if each value of y which satisfies the equation 
yt + 98y? — 200 =0 
is substituted for y in y=2?+3z, we get eight values of x, four of which satisfy 
xt +127 -5=0. 


Without solving any equations, show that the other four values of 2 are the 
roots of 
xi + 1223 + 54x? + 96x +-40=0. (Cf. Ex. 13.) 
[The left-hand side is 


{ (x? + 3x)4 + 12 (xz? + 3x) — 5} + (x4 + 12x -5).] 
20. Find a substitution of the form y=xz?+px+q which will reduce the 
equation a*+23-2x-1=0 tothe form yt+fy?+g=0. 


Show that one such substitution is y=2?-—x%-4, this reducing the equation 
to (2y)4+26(2y)?-11=0. Use this to solve the equation. (Cf. Ex. 10.) 


21. Find a substitution of the form y=2?+px+q which will reduce the 
equation 
24+ 82? +47 +13=0 


to the form y‘+ fy?+g=0, showing that one such substitution is 
y=xr?+3xr -1, 
this reducing the equation to 


uy PE £ 
(2) +4(5) -9=0. 


CHAPTER XIII 
_ THEORY OF IRRATIONALS 


1. Sections of the System of Rational Numbers. Suppose 
the rational numbers to be represented by points in a straight line, and let 
the line be cut at any point P. 


Lower class A Upper class A 


Fig. 30. 


The system of rationals is thus divided into two parts, which will be 
called the lower class A and the upper class A’. The class A contains all 
the rationals to the left of P, and the class A’ contains all those to the 
right of P. Thus, any number in A is less thdn any number in A’. Two 
distinct cases arise, according as the point P does, or does not, represent a 
rational number. 


First case. Suppose P to represent some rational, 3 for example. The 
class A contains every rational less than 3, and the class A’ contains every 
rational greater than 3. The number 3 may be assigned to either class. If 
3 belongs to A, it is the greatest number of this class, and there is no least 
number in JA’. 

For if a’ is supposed to be the least number in A’, rationals exist which 
are less than a’ and greater than 3, and which therefore belong to the 
class A’. 

Similarly if 3 is assigned to A’, it is the least number of this class, and 
the class A has no greatest number. 

Thus corresponding to any rational, the classification is such that either 
the class A has a greatest number or the class A’ has a least number. 
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Second case. Suppose that the point P does not represent a rational 
number. For example, let OP be equal to the side of a square whose area 
is 7 square units. 

Classify the rationals according to the following rule : 

The lower class A is to contain all the negative numbers, zero and every 
positive number whose square is less than 7. 

The upper class A’ is to contain every positive number whose square is 
greater than 7. 

The classification is such that 

(i) Every rational is included in one or other of two classes A, A’. For 
no rational exists whose square 1s equal to 7. 

(11) Any number in A ts less than any number in A’. For if a is any 
positive number in A and a’ is any number in 4’, we have a?<7<a”™, and 
so a<a’. 

(ii) The class A has no greatest number and the class A’ has no least 
number. For, suppose that a is the greatest number of A, then a?<7, 
and we can find a rational b such that b>a and b?<7. Todo this, we 
have to find b (greater than a), so that b?-a*?<7-a?. This will be the 
case if 
T~a? T-a? 


RR ba 2a 


Thus, b belongs to the class A, and a is not the greatest number in A. 
Similarly it can be shown that A’ has no least number. 

This classification is said to define the irrational number which we denote 
by JT, and we assign it a place on the scale with rationals as follows:  /7 
is to follow or to precede any positive rational a, according as a?<7 or 
a>. 


var Dedekind’s Definition. Suppose that a certain rule enables 
us to divide the whole system of rationals into two classes, a lower class 
A and an upper class A’, so that any number in A is less than any num- 
ber in A’. Two cases arise : 

(i) If A has a greatest number or if A’ has a least number, the classifica- 
tion defines a rational number, namely the greatest number in A or the 
least number in A’. 

(11) If there is no greatest number in A and no least number in J’, the 
classification defines an irrational number which is to follow all the numbers 
in A and to precede all those in A’. 

Any rational or irrational number is called a real number, and the 
aggregate of rationals and irrationals is known as the system of real numbers. 
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The classification just described will be called the classification or the 
section (A, A’), and the real number defined by it may be known as the 
number (A, A’). 

The real number zero is defined by the section (A, A’), where A contains 
all the negative rationals and A’ contains all the positive rationals. 

If A contains some positive rationals, the section (A, A’) defines a 
positive real number. 

If A’ contains some negative rationals, (A, A’) defines a negative real 
number. . 

We are not justified in regarding a ‘ real number’ as a ‘ number’ until 
we have given fresh definitions of equality, inequality and the funda- 
mental operations of arithmetic. Moreover, these definitions must be in 
agreement with those already given for the system of rationals. 


A Equality and Inequality. Two real numbers are said to be 
equal when they are defined by the same classification of rationals. 

If œ and 8 are real numbers, and some of the rationals which follow « 
precede B, we say that « is less than B and that $ is greater than «. 

If a and B are unequal real numbers, infinitely many rationals lie between 
them. 

For let «<P, where « and ß are defined by the classifications (A, 4’), 
(B, B’) respectively. Since these are different classifications, at least one 
rational r lies between œ and 8. Then r follows æ and precedes $, therefore 
r belongs to each of the classes A’ and B. If r is the only rational between 


Fra. 31. 


æ and $, then r is the least number in A’ and the greatest in B. Hence, 
by Art. 2, (i), each of the classifications (A, A’), (B, B’) defines the same 
number r, and we should have «=r=f, which is impossible, for «<f. 
Thus at least two, and therefore infinitely many, rationals lie between «œ 


and $. (See Ch. II, 10.) 


A. Theorem. Let A and A’ be two classes of rationals such that 
(1) Each class contains at least one number. 
(ü) Any number in A is less than any number in A’. 
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— 
(iii) Two numbers a and a’ can be chosen from A and A’ respectively, so 
that 
a’ —a<e, 
where e is any positive number we may chaose, however small. 
Then there is one and ony one real number « such that a<a<a’ where a 
is any number in A and a' is any number in A’. 


Proof. Divide the system of rationals into two classes according to the 
following rule: The lower class is to contain every rational less than any 
number a'in A’. The upper class is to contain every rational greater than 
any number a in A. 

It will be proved that not more than one rational can escape classifica- 
tion. For if two rationals J and l’ (l<’) so escape, then for every a and a’ 
a<l<l’<u’. 

This contradicts the hypothesis, for we can choose a and a’ so that 

a’ —-a<l —l, 
so that either a or a’ lies between } and I’. 

If there is one rational which escapes classification, then it is to be 
assigned to either the upper or the lower class. Thus, by Dedekind’s 
definition, the classification defines a real number æ which satisfies the 
conditions stated above. 

This theorem may also be stated as follows : 

If (an) and (a„') are sequences of rationals such that 

(1) a KaKa; ... Ky... KA"... Kg’ Kay’ <a’, 
and (11) tt is possible to find n such that 
An ~- An<é, 
where «e is any positive number we may choose, however small, then one real 
number «, and only one, exists such that a, <a <a, for every n. 


5. Endless Decimals. Using the ordinary notation, let 

me Qo'l -Ap 
be an endless decimal, where the successive figures are formed according 
to some definite rule. 

Let dn =Ay'Aya,...a, and d,’=d,+4-1/10". 
The sequences (d,) and (d,’) obviously satisfy the conditions of the last 
theorem, and therefore a real number 6 is defined by 

dg<d,<d,... <8... <d,'<d,'<d,’. 
We say that the decimal represents or is equal to this real number ô. 
o BCA. 
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Conversely, any real number ô can be represented by a decimal. For, 
using the same notation as in the preceding, if 5 is known, then for any 
suffix n, we can find d, so that d,<é<d,'. That is to say, we can calculate 
to any number of figures a decimal which represents ò. 

Of course, a terminating decimal may be regarded as an endless decimal 
in which, after a certain stage, all the figures are zeros. 

Since any rational can be represented by a decimal which terminates or 
recurs, it follows that a non-recurring endless decimal represents an irrational 
number, and conversely. 


Æ. The fundamental Operations of Arithmetic. In what 
follows, a Greek letter denotes a real number, a small Roman letter 
represents a rational. Real numbers will be defined by using the theorem 
of Art. 4, and when we say that a real number « is defined by a<a<a’, 
it is presumed that a, a’ are any numbers in classes A, A’ of rationals which 
satisfy the conditions of the theorem. 


(1) Addition. Ifa, B are real numbers defined by 
axa<a and b<p<b', 
then œ+ is defined by a+b<a+B<a'+0’. 


This classification defines a real number, for 
(i) There is at least one a +b and one a’ +0’. 
(1) Any a+b < any a' +b. 
(iii) We can choose a, a’, b, b' so that 
a'—-a<łe and b -b<łe, 
where e is any positive number, however small, and then 
(a' +b’) - (a +b)=(a' —a)+(b —b)<e. 

We define x+ +y as meaning (æ +f)+y, and it is easy to show that 

the commutative and associative laws hold good. 


“Hx. 1. Show thata+B=B +a. 
It is obvious that «+f and B +a are defined by the same classification of rationals. 


“Hx. 2. Prove that x +0=a. 


Zero is defined by 6<0< 0’, where b is any negative rational and 0’ is any 
positive rational. 


Let « be defined by a< a< a’, then «+0 is dofined by 
at+bh<at0<a’+b’, 
and since every 6 is negative and every b’ positive, 
atb<a<a’+6’. 
Thus «+0 and « are defined by the same classification of rationals and are equal. 
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Êx. 3. Prove that a+(—-a)=0. 
If œ is defined by a< a< a’, then «+(-.«) is defined by 
a-a’<at(-a)<a’—a. 
Now every a< any a’, therefore a -—a’< 0< a’ ~-a. 
Hence a +(—«a) and 0 are defined by the same classification, and are equal. 
(2) Subtraction. We define «—B as a+(-—f8). Whence it follows that 
(a —B)+B=«, for 
{a+(—B)}+B=a+{B+(-B)}=a0+0=a. 
(3) Multiplication. If æ, B are positive real numbers defined by 
axa<xad and b&b’, 
then «f is defined by ab<aB<a’b’. These conditions define a real number, 
for 
(i) There is at least one ab and one a'b’. 
(ii) Every ab<any a'b’. 
(111) We can choose a, b, a’, b’ so that a’b’ —-ab<e, where e is any assigned 
positive number. For a’‘b’-—ab=a’'(b’ —b)+b(a’ —a). 


O a x a / 


Fia. 32. 


Choose rationals h, k, so that h>a and k>8Bß, then if a' <h, 
a'b' —ab<h(b' — b)+ k(a' -a). 
We can now choose a, b, a’, b’, so that 
b' —b<e/2h and a’ -—a<e/2k, 

and then a'b’ —ab<e. 

For zero and negative factors, the definitions are 

a.0=0=0.¢, 
a(—B)=-oB=B(-a) and (-a)(-B)=af. 

Further, «By is taken to mean («8)y. It is easy now to show that the 
commutative, distributive and associative laws hold good. 


_ 2.4. Show that /7./7=7. 
/7 is defined by a< ./7< a’, where a, a’ are any positive rationals such that 


a< T< qa”. 
Hence V7 . V7 is defined by a?< 7< a”, and this classification also defines the number 7, 
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(4) Division. If œ is a positive real number defined by a<a<a’, then 
l/æ is defined by 1/a’<1/a<1/a. 
These conditions define a real number, for 
(i) There is at least one 1/a’ and one l/a. (ii) Every 1/a’< any l/a. 


(iii) We can choose a, a’ so that 1/a—1/a'<e, where e is any assigned 
positive number. 


; a E that aat 2r 
To prove this, we have to show that a, O La on 
can be chosen so that Fic. 33. 


a’ —-a<aa'e. 
First choose A so that O<ch<a. Next choose a, a’ so that a>h and 
a’ —a<he. 
Since h<a<a’, we have h?<aa’ and a’—a<aa'e. 


Note. This reasoning depends on the existence of positive rationals less than a. 
Consequently no meaning is assigned to 1/0. 


Further definitions are 1/(-a«)=-—I1/x and a/B=a«.1/B; 
whence it follows that (o/8).B=a; for («.1/8).B=«(1/B.B)=«. 
Ke.5. Ifa, 8 are positive real numbers defined by a< a< a’ and b< B< b’, then «/B is 


defined by ajd’ < a/B< a’/b. 
This follows from the definition of 1/8 and multiplication. 


7. Powers and Roots. If nis a positive integer and « a real num- 
ber, the nth power of « (written «”) is defined by a*"=a.a.a... to n factors. 
If m, n are positive integers, it follows that a” . a” =a™+” and (a™)" =a”. 

That these formulae may hold for zero and negative values of m and n, 
we must have a°=1 and a-"=1/a", 


Theorem 1. (i) Lf a is a positive real number, n a positive integer and 
x, x positive rationals such that c*<a<a2'", then positive rationals x,, £i 
exist such that 

waa ae, Me, 
For if s<, <r’, then 
gi” — 2" = (x, —2) (4,21 40," r +... +0") < (4, — 2). na’, 
We can choose 2,><2, so that Ly ~L<(a—2")/nz'"-!: and then 
t” -<a r”, so that 2,"<a. 

The existence of a number z,’ such that «<z,’"<~2'" can be proved in a 
similar way. 

(ii) If e ts any posttiwe number, however small, then x,” — x,” <e, provided 
that 2,’ —x,<«/nz'"-}. 

For as in the preceding, z,” —2,"<(z,' —2,).nz’"-}, 
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Theorem 2. If a is a positive real number, there is one positive real 
number £, and one only, whose n-th power is equal to a. 

If x =x” where v is a positive rational, there is only one such number zg, 
for the nth powers of unequal positive rationals are unequal. 

If no such 7z exists, divide the system of rationals into a lower class A 
and an upper class A’, according to the following rule : 

The class A is to contain every negative number, zero, and every positive 
number g such that 2"<«. 

The class A’ is to contain every positive number x’ such that z'">a. 

Then (i) no rational escapes classification ; for no rational x exists such 
that 2” =a. 

(11) Every x<every 2’, for a®@<a~<x"". 

(ii) There is no greatest z and no least x’. This follows from the last 
theorem. 

Therefore the classification defines a real number é. 

Again, for every x and every 2’, 


<a <r" and sat fM<y™, 


Also every rational is an x or an 2’, therefore these may be chosen so 
that x’ -x is as small as we like. Hence, as in Theorem 1, they may be 
chosen so that 2’" —x"<e, where e is any positive number, however small. 

Thus both « and é” are defined by the same classification of rationals, 
a classification which satisfies the conditions of the theorem of Art. 4 and 
therefore é” =q. 


Definitions. If «œ is a positive real number, the principal n-th root of a 
is defined as the positive real number whose nth power is equal tow. This 
is written }/«, and is generally called the n-th root of «a. 

Thus (3a) =a. 

It follows that 

Ya. YB= Yap) and Y(Ya)="Ya= 3 (Ya). 

If n is odd, we have 

(~ Ya)” =(- P (Ya)"= ~a. 


When n is an odd integer, we therefore define the principal n-th root, or 
simply the n-th root, of -æ as —2/a; thus 


y ( -a) = — i/a. 
If n is even, the nth power of every real number is positive, and therefore 
no real number exists which is the nth root of a negative number. 
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Indices which are Rational Fractions. If p, q are positive integers, 
p 
at is defined as !/a? or (!/a)?. 
This definition assigns no meaning to a” when z is irrational. This case 
is considered in Art. 9. 


8. Surds. If ais not a perfect nth power, %/a is called a surd of the 
nth order. 

Two surds of the same order are like surds when their quotient is 
rational : otherwise they are unlike surds. 

The following theorems and examples depend on the fact that a rational 
number cannot be equal to an irrational. 


Theorem 1. Jf x+/y=a+/b where £, y, a, b are rationals, then x=a 
and y =b, or else y and b are the squares of rationals. 
For suppose that «4a and let x =a +z, then z+,/y=,/b, and bysquaring, 


2z,/y=b—y —2. 
Therefore ,/y is rational, and from the given equation ,/b is rational. 
On the other hand, if x =a, then y=b. 


Ex. 1. Ifatbh /p+e/qg=0 where a, b, c are rationals and ./p, yq are unlike surds, 
then a=0, 6=0, c=0. 

By transposing and squaring we can show that 

2ab,/p =c*q — a? — b?p. 

If ab=40, the left-hand side would be irrational and the right-hand side would 
be rational; which is impossible. 

Therefore ab =0, and consequently a=0 or 6=0. 

If a=0, then b/p+e/q=0; and, if 640, then J/p//q=-—c/b; so that 
a/p and y/q would be like surds; which is not the case. 

Therefore 6=0 and c=0. 

If b=0 then a+c,/q=0, and therefore a=0 and c=0. 


Ex. 2. If a+b23/p+c3/p?=0 where a, b, c, p are rationals and p is not a perfect cube, 
then a, b, c are all zero. 
Multiplying the given equation by 3/p we have 
cp +ar/p +b2/p? =0, 
and eliminating the terms containing °/p?, 
(b? — ac)</p =¢°p — ab. 
Since 3/p is irrational, it follows that 
6¢=ac and c*p=ab, 
therefore ctp? = a*b? = adc. 
If e540 we should have p? =(), so that 3/p? would be rational, which is not the case. 
Hence c=0, and therefore also a=0 and b=0. 
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Theorem 2. Suppose that p, q are rationals and that q 1s not a perfect 
square, then if p+./q is a root of f(x)=0 where f(x) is a polynomial with 
rational coefficients, p —./q is also a root of f(x) =0. 

For we have {«-(p+./q)}{e-(p—J/g)}=(x-p)?-q, and if f(x) is 
divided by (x -—~p)?—g, we obtain an identity of the form 

f(z) =Q{(-pP-g+Ra+s, 
where R, S are rationals. Putting s=p+./q, we have 
0O=R(pt+/q)+S8. 

Since ,/q is irrational it follows that Rp+S=0 and R=0. Consequently 
S=0 and f(x)=Q{(z — p)? — q}, therefore p—./q is a root of f(x) =0. 


9. Irrational Indices. The theorems of Art. 7 hold when a is a 
positive real number, the indices being rationals, and lead to the following : 

Definition. Let a be a real number greater than unity, and let ¿ be an 
irrational defined by x<&<z’ where z, x’ belong to classes of rationals 
satisfying the conditions stated in Art. 4. Then af is defined by 

a <a <a. 
These conditions define a real number, for 
(i) there is at least one a” and one a®’, (i1) every a*<every a”, 

(111) we dan choose x and z’ so that a% —a*<e where e is any assigned 
positive number, however small. 

To prove this, choose a number h>€, then a*<a* and 

a” — a” =a*(a®’-* —1)<a(a®’-* — 1): 


Next, by Ch. II, 18, (7), we can find a positive integer n such that 
1 
a” — l <eja’. 
Finally, choose z, x’ so that x’ -x<1/n, and then 
1 


a®’ —a®<a*(a" -1)<e. 

Nore. The real positive value of af, defined in this way, is called its 
principal value, to distinguish it from other values which will be found 
later. At present af will stand for its principal value. 

If 0<a<l, af is defined by the classification a% <a*<a*, Or it may be 
defined as (1/6), where b=1/a. We define 1f as 1. At present, we are not 
able to assign a meaning to af when a is negative. 

It is easy to show that if a>0, the index laws 

a®,q¥=attY and (a*)¥=a*¥ 


hold for all real values of x and y. 


210 OPEN AND CLOSED INTERVALS 


10. Logarithms. Theorem. Ifa and N are positive real numbers 
and a=é1, there exists a single real number È such that af =N. 


Proof. Suppose that no rational x exists such that a”=N and first let 
a>1. Then, by Art. 7, rationals x, x’ exist such that a” <N <a”. 

Divide the system of rationals into a lower class A and an upper class A’ 
by the following rule : 

The class A is to contain every rational æ such that a*<WN. 

The class A’ is to contain every rational z’ such that a®’>N. 

Then (i) no rational escapes classification; for it is assumed that no 
rational x exists such that a*=N. (ii) Every a<every x’; for a*<a*’. 


(iii) There is no greatest x; for if x, is supposed to be the greatest, as in 
the last article, we can find 7,>2,, so that a®—at<N —a%, i.e. so that 
att<N, Similarly it can be shown that there is no least 2’. 


The classification therefore defines a real number £. 
Again, for every x and every 2’, 


at< N<a™ and a*<ai<a” ; 


and since every rational is an x or an 2’, these may be chosen so that 
x’ -g is as small as we like. Hence, as in Art. 9, they may be chosen 
so that a” —a*<e, where e is any positive number, however small. 

Thus both N and af are defined by the same classification of rationals, 
a classification which satisfies the conditions of Art. 4, and so af=N. 

If a<l, we find £ so that (1/a)*=1/N, and then af = N. 


Definition. If any positive real number a ts chosen as ‘ base’ and N is 
any positive real number, the number & given by the relation af=N is 
called the logarithm of N to the base a, and we write €=log, N. 


11. Definitions. We say that (i) the set of real numbers (x) which 
lie between a and b forms the (open) interval (a, b) or the range axca<b. 


(11) The real values of x such that a<a<b form the closed interval (a, b) 
or the range axr <b. 


(iii) If a<xv<b, the real numbers z form an interval (a, b) open at a and 
closed at b, or the range (a<az<b). 

‘Interval’ generally means ‘ open interval.’ 

Any number z in the interval (a, b) is often called a potnt in the interval. 


(iv) If z,, x, are any numbers in the interval (a, b) and f(x) is a function 
of x such that f(z,)<f(z_) when z; <£, we say that f(x) increases steadily 
through the interval, unless the sign is always that of equality, in which 
case f(x) is constant in the interval. 
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If f(x,)<f(r,) when x,<x,, then f(x) is said to increase steadily in the 
stricter sense. | 

If f(x,)>f(x2) when 2,<%, f(x) decreases steadily; and if f(2,)>f(z2) 
when 2,<%, f(x) decreases steadily in the stricter sense. 

(v) If a is a real number, the ‘ neighbourhood of a’ is the set of 
real numbers in the interval (a —e, a +e), where e is as small as we hke. 


12. Sections of the System of Real Numbers. 

‘41) Dedekind’s Theorem. If the system of real numbers is divided into 
two classes A and A’ such that (i) each class contains at least one number, 
(ii) every real number belongs to one or other of the classes, (iii) any number 
in A is less than any number in A’, then there is a single real number a, such 
that all numbers less than « belong to` A and all numbers greater than « belong 
to A’. The number « may be regarded as belonging to either of the classes. 


Proof. Consider the rationals in A and A’. These form two classes A, 
and A,’, which form a section of the system of rationals and define a real 
number æ. Two cases arise. 


(i) If œ is rational, it is the greatest number in A, or the least in A,’. 
If æ is the greatest number in A,, it is also the greatest number in A. For 
suppose that there is a number ĝ in A greater than «. Between « and £ 
there are rationals greater than « which therefore belong to A,’ and also 
to A’. Hence B must belong to A’, which is not the case. 

Similarly if « is the least number in A,’, it is also the least in A’. 


(ii) If « is irrational, it is greater than all the numbers in A, and less 
than all those in A,’. Also, « must belong to A or to A’, and just as in the 
preceding, we can show that it is the greatest number in A or the least in 4’ 


The theorem just proved is of great importance. It shows that any 
section of the system of real numbers defines a real number. Thus the con- 
sideration of sections of this kind leads to no further generalisation of our 
idea of number. All this is sometimes expressed by saying that the system 
of real numbers is closed, or the aggregate of real numbers is perfect. 

On the other hand, the rational numbers do not form a closed system, 
or in other words, the aggregate of rational numbers is not perfect, for a 
section of the system of rationals does not always define a rational. 


(2) If the numbers in the interval (a, b) are divided into two classes A and 
A’, as in (1), the section determines a real number a. 

For if we take with A all the real numbers z such that x<a and with A’ 
all the real numbers x’ such that x’>b, we obtain a section of the system 
of real numbers. 
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13. The Continuum. It follows from Art. 1 that if we take any 
point O in a straight line as origin and any length we may choose as unit 
of length, then to any point P in the line there corresponds a real number p. 

By choosing suitable axioms regarding the characteristics of a straight 
line we can ensure the truth of the converse of this statement, namely, 
that to every real number p there corresponds a point P in the line. Thus 
the correspondence between the points of a straight line and the real 
numbers is complete. 

If p is the real number corresponding to the point P of the line, we say 
that p is the measure of the length of OP. Hence the system of real 
numbers is adequate for the measurement of the length of a straight line. 
This is an instance of what is known as a continuous magnitude. 

The aggregate of real numbers is called the arithmetic continuum, and 
the aggregate of the points of a straight line is called the linear continuum. 


RATIO AND PROPORTION 


Note. In Aris. 14-16 capital letters will denote concrete magnitudes and not numbers ; 
small letters will denote positive integers. 


14. Equality and inequality of Concrete Magnitudes. In 
considering how a magnitude or a quantity of any kind is to be measured, 
at the outset we must define what is meant by saying that ‘A is equal to 
B, ‘A is greater than or less than B, where A and B are quantities of the 
kind. The exact meaning of these statements depends on the particular kind 
of quantity we are considering. For instance, let A and B denote segments 
of straight lines; if A can be made to coincide with B, we say A=B; 
if A can be made to coincide with a part of B, we say A<B and B>A. 

The student should reflect on the meaning of equal angles, equal 
velocities, equal forces, equal quantities of heat, etc. 


15. Ratio. We assume that a magnitude B can be divided into any 
number (n) of equal parts. Denoting any one of these parts by C, B is 
said to contain C (exactly) n times, and C is called the nth part of B. 
This is expressed shortly by writing B=nC or C=: B. If A contains the 
nth part of B exactly m times, we denote this by writing A=" B. 


Definition. If A and B are magnitudes of the same kind, and if integers 
a and b exist such that A contains the bth part of B exactly a times 


(that is, if A =; B), the magnitudes A and B are said to be commensur- 


able, and the ratio of A to B (written A: B) is defined as the number a/b. 


RATIO AND PROPORTION 213 
If no integers a and b exist such that A=>B, the magnitudes A and B 
are said to be incommensurable. 


Axiom of Archimedes. Jf A and B are magnitudes of the same 
kind, no matter how small A may be compared with B, an integer m can 


always be found such that mA>B or = B<aA. 


16. Ratio of Two Incommensurables. If A and B are incom- 
mensurable magnitudes, the ratio of A to B (written A : B) is defined as 
the irrational number determined by the following classification of the 
entire system of rationals : 

the Lower Class is to contain every rational a/b for which bA>aB, 

the Upper Class is to contain every rational a’/b’ for which b'A<a'B. 

This classification defines an irrational number ; because 


(1) every rational falls into one or other of the two classes ; for, by 
hypothesis, there is no rational a/b for which bA =aB: 

(2) every a/b is less than any a'/b’; for ;B<A<;,B 

(3) there is no greatest a/b; for suppose a,/b, to be the greatest, then by 
hypothesis 6,4>a,B. 

Now by the axiom of Archimedes, a multiple of a magnitude (however 
small the magnitude may be) can be found which exceeds any magnitude 
of the same kind, however great. Therefore an integer r can be found such 
that r(b,4—a,B)>a,B, and therefore rb,A>(r+1)a,B. Let 1b, =6, 
and (r+1)a,=a,, then b,4>a,B and a,/b,=a,(7 +1)/rb,>a,/b,, so that 
a,/b, is not the greatest a/b. Similarly it can be shown that there is no 
least a’/b’ Hence the classification defines an irrational number. 


Theorem. If A, B, C, D are four magnitudes of the same kind, the 
ratio of A to B is equal to that of C to D if mA>=or<mB according as 
mCO> =or<nD, for all positive integral values of m and n.* 


Proof. If rationals m, n exist such that mA =nB, then by hypothesis 
mO=nD and A/B=C/D=n/m. If no such rationals m, n exist, then 
A, B and also C, D are incommensurables, and the ratios A/B, C/D are 
irrationals defined by the same classification and are therefore equal. 

If A, B, C, D are magnitudes of the same kind and A: B=C:D, 
then A, B, C, D are said to be in proportion. 


* This is Euclid’s definition of the equality of two ratios. 
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EXERCISE XXII 
IRRATIONALS 


1. Show that no rational exists whose nth power is equal to a/b, where a/b 
is a positive fraction in its lowest terms unless a and b are perfect nth powers. 


n 
[Suppose that =; where x/y is a positive fraction in its lowest terms. 


Then br” =ay”. Since y is prime to x, y” must be a divisor of b. Let b= ky”, 
where k is a whole number. Then a=kz". Hence k=], for a is prime to b. 
Therefore a =x” and b =y”, that is to say, a and b are perfect nth powers.] 

2. If /e+/y=/J/at+/b, then either x=a, y=b or x=b, y=a, or N£, NY, 
Ja, /b are all rational or all like surds. — i 

[Squaring, x+y =a +b, and Vzy=Nvab, unless Vzy, Vab are rational.] 
3. Find the condition that rationals x, y may exist such that 
Na + VO =NT NY, 

where a, b are given rationals and b is not a perfect square. Also find x and y 


in terms of a and b. 
[Proceed as in Ex. 2, and show that x=}(a +a? —b).] 


4. If a+b /p+e/q+dvpqg=0 where Vp, ~q are unlike surds, then a, b, c, d 
are all zero. 

[We have at+b/p+(c+d/p)/qg=0; 

“. (a +byp)(c - dyp) + (c° — d?p)/q = 0. 
Hence by Art. 8, Ex. 1, 
ac=bdp, bc=ad, c*=dp, 
and consequently, if c40 and a0, then p=c?.] 
5. If x+ 3/y=a+8/b where x, y, a, b are rational and y, b are not perfect 
cubes, then x =a and y =b. B 

[Put z=x-a. Show that z3+y-b+3zŇ\by=0; .. #y=mšb? where m is 
rational. Now use Art. 8, Ex. 2.] 

6. If a} p? +b pq +c8/q?=0 and neither of pg, pq? is a perfect cube, show 
that a, b, c are all zero. O Oo 

[Show that c?g? — a°p? — b°pq =3ab (apÑ pq? + bgÑ p?q), and that the expression 
in brackets is not zero, since p/q is not a cube.] 

7. Show that ./2 and ./3 are cubic functions of ./2+./3 with rational coeffi- 
cients, and that ./2 —./6+3 is the ratio of two linear functions of y2 + y3. 

[For the first part, let y = V2+%V3; find y?, and eliminate V3 and V2 in turn: 
for the second part, find the value of the product (V2 — v6 +3) (x2 +3 +2), and 
show that this is equal to y+ 5 when z=1.] 

8. Find the equation of lowest degree with rational coefficients of which one 
TOONIS (i) V2+43; (ii) 3Y2+344; (iii) Y2+43. 
[(i) If e=N2+N3, 2?9-1=2V2z, etc.; 
(ii) if y=V 24304, y3=110+ 18(4/ 2434/4) ; 
(iii) if z= 24-93, 23=5 +346 . z, and (2° — 5)? = 1622?.] 
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9, If all the solutions of 
ax*+2hey+by2=1, a’x?+2h’ay+b’y?=1 
are rational and a, h, b, a’, h’, b’ are rational, then (h —h’)? —(a -a’)(b —b’) and 
(ab’ —a’b)? —4(ah’ —a’h)(hb’ — h’b) are the squares of rationals. 


[Let (1, B1), {cas Be), (— ars — B1)( — ag, — Ba) be the solutions. Prove tha a 


arene noc (a —a')#+2(h—-h’/)t+b—b' =0. ee 
Also, show that «,f,, «8, are the roots of 
z?{ (ab’)? — 4(ah’) (hb’)} + 22{ (a —a’) (hb) — (b — 6’) (ah’)} + (a —a’)(b — b) =0, 
where (ab’)=ab’ —a’b. Hence show that 
2 — o O-b 
 (ab'¥} — 4(ah’)(hb’)’ 
whence the second result follows. | 


Oy “Oy 


10. Ifa, b, x, y are rationals such that 
(ay - bx)? +4(a -x)(b -y)=0, 
prove that either x=a, y=b, or l -ab and 1—-y are the squares of rationals. 
[Putza-a=X,y-b=Y; ~». (aY —6X)?+4XY=0. 


If X and Y are not zero, solve for = , and show that 1 -ab is a perfect square. 


Next observe that the given equation is unaltered by the interchange of x and a, 
y and b.] 


CHAPTER XIV 
INEQUALITIES 


In this chapter, various methods of dealing with inequalities are explained. 
Many of the results are of fundamental importance. 


1. Weierstrass’ Inequalities. Ifa, d,,... a, are positive numbers 
less than 1 whose sum 1s denoted by s,,, then 
1 -—s,<(1 -—a,)(1 -a,)...(1 -—a,)<1/(1+58,), 
1+s,<(1+a,)(1+a,)...(1l+a@,)<1/(1-s,), 
where, in the last inequality, it is supposed that s,<1. 
For (1 —a,)(1 —a,) =1 — (a, +43) +a,a.>1 — (a, + a3), 
(1 —a,)(1 ~az) (1 —ag)> {1 — (a, + @g)} (1 —a3)>1 — (a, + ag + a), 
and continuing thus, we can prove that 
(1 -—a,)(1 -4a,)...(l -—a@,)>1—-s,. 


In the same way 
(1+a,)(1+a,)...(l+a@,)>1+s,. 


Again, 1 -—a,<1/(1+a,), and 1+a,<1/(1-a,), for 0<a,<1. Using 
these and similar inequalities, we have 
(1 —a,)(1-a,)... (l-a@,)<1/(1+4,)(1+a,)... (1+a,)<1/(1+s,), 
and if s,<l, 
(1 +@,)(1 +a)... (1 +@,)<1/(1 —a@,)(1-a,) ... (l1-a@,)<1/(1-8,). 


2. Many inequalities depend on the fact that the square of a real number is 
positive. 
Ex. 1l. If a>0 and b>0, then $(a+b)>Nab. 
For (Va - v/b)? >0. 
Ex. 2. If a, b, c are positive and not all equal, then 
(a+b+c)(bc+ca+ab) >9abe. 

For (a +b +c)(bc +ca+ab) — 9abe 

=a (b? +c?) +b(c? +a?) + c(a? +b?) — Babe 

=a(b - c} +b(c -a} +c(a-b}>0. 
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3. A special arrangement of terms or factors is sometimes useful. 


n 
Ex.1. Show that [n>n?. 


We have ([2)P=1.n. 2(n-1).3(n—-2)...r(n-r+1)...0.1, 
and r(n—r+1)>n if r?-r(n+1l)+n<0; that is if (r-1)(r-—n)<0 or if l<r<n, 
Therefore (|n) >n”. 


Ex. 2. If a, 6, c are positive numbers any two of which are together greater than the 
third, then 111) 4¢ a) +1/(c +a —b) +1/(a +b —c)>lfa+1/b+ Ve. 

Now, since a(c+a—b)(a+b-—c)>0, we have 1/(c+a—6)+1/(a+6-—c)>2/a, 
if a(a+b—c+c+a—b)>2(c+a—b)(a+b-—c) or a*>a*-(b-c)*; 


which is the case. Similarly, 1/(a+6—-—c)+1/(b+¢-a), 1/(6+c-—a)+1/(c+a—b), are 
greater than 2/b, 2/c respectively ; and the result is obtained by addition. 


4. Ifa, b, x are positive, then (a+ x)/(b+2)=a/b, according as a =. 
For since 6(6+2) is positive, (a+2)/(b+2)Za/b 
according as ab +bxZab+ax, that is, according as ax<br or a Sb. 


1 13 5 2-1] l 
Ex. 1. Prove that (n+l) 24 6 an Snel)’ 
_1 3 5 = (2n-1) 2 4 2n . 1 
ket amaia ap 6 maaa on 
_3 5 2n+1_ 4 6 2n+2 , aii 
Also (2n +1)U,=5 4 on > 3 5 nel? ee (2n +1) Un >nt+l. 
Therefore Un< oe and wu, _vle+}) > eee : 
NV2n+1l 2n+1 W(a+l). 


5. If both sides of an inequality are symmetric functions of a, b, c, ... h, k, 
there is no loss of generality in assuming that aSb>c... >h >k. 
Ex. 1.” If a, b, c are all positive and n>0 or n< -1, then 
a” (a —b){a —c) +b” (b — a)(b —c) +c” (c — a) (c —b)>0. 
First let n>0. On account of symmetry, we may assume that a=>b>c. Hence, 


a">b">c™ and a”(a-b)(a-c)>b"(a-b)(b-c) also c™(c—a)(c—b)>0; 


therefore a" (a —6)(a—c) +c” (c —a)(c —b) 26" (a —b)(b -c), 
whence the result in question. 

If n=0, Za” (a —b)(a—c)= 2(a—6)(a-—c)= Za- Lobe 
and Za- Sbe=}4 F(a - b)?>0. 


Ifn<-1, let n=-m-—1, so that m20. Let a=I1fa, 6=1/B, c=1/y, then it is 
easily seen that 2a"(a —b)(a—c)= ey La™ (a - B)(«—y)20 by the preceding. 


218 INEQUALITIES INVOLVING POWERS 


6. If ai, dp, ... an and bi, bg, ... bn are two sets of real numbers, then 
(a,b, + Agby +... + OnD_)?<(,? + Gg? +... +77) (b1? + by? +... + 0,7), 
the sign of equality occurring only when a,/b, = A2/by = ... =An/By. 
For let A=2a,?, B=La,b,, C= Xb,?, then for all values of 4, 
Z (a, + Ab,)?=A+2AB + XC. 
Therefore 4+2AB+A?C>0. If the sign of equality occurs, we must 
have a, + Ab, =0 for every r, and so 
— À= a/b} = a/b =... =An/by. 
Hence the roots of 4+2AB+ XC =0 are equal and B*= AC. 


Otherwise A +2AB+A?C>0 for all values of A, and therefore B?< AC. 
The theorem also follows from the identity 


Xa,? . 5b,2=(Za,b,)? + S, 


where S is the sum of the n(n — 1) squares of the form (a,b, — a,b,)°. 


7. If a,, dg, ... Gy are n positive numbers, not all equal to one another, then 
naa, *¥= La,” . &a,”, 
according as x and y have the same or opposite signs. 
First suppose that z and y have the same sign. Let r, s be any two of 


the numbers 1, 2, ... n, then a,” — a,” and a,” —a,¥ are both positive, both 
negative or zero. Hence (a,” —a,”)(a,” —a,”) 0, and consequently 


a,*t¥ +a t >a,“a," + a,*a,". 
There are 3n(n—1) relations of this sort, not all equalities. Also a,*+¥ 


occurs in n —1 of them and a,*a,” in only one. 
Hence by addition 


(n—1)La,*+¥> La,"a,” where sr. 
Therefore na, t> La, t + Za, a = La," n. Aa. 


If z and y have opposite signs, then (a,” — a,”) (a,” —a,”)<0, and < must 
be substituted for > in the preceding. 


8. The inequality in Art. 7 can be written 
Bayt” Za Za? 


n n n 


ae 
Pail 


Hence it follows that if a,, ag, ... a, are n positive numbers, not all equal 
to one another, and x, y, z, ... are all positive or all negative, then 
Ha Bn fa! Ža,” Ža, 


n n n n 
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9. If a is any positive number except 1, and x, y are positive ratvonals,* 
en (a7 —1)/z>(a" -1)/y if a>y. 
First suppose that x =p, y=q where p, q are positive integers. If p>œl, 
we have (a? ~1)/p - (a? ~ — L)/(p — 1) 
= (pla? —a?=1) — (a? — 1)}/p(p 
= (a — 1){pa?— — . Lha? t... + ae —1). 
Now, the expression in the large brackets can be written 
{(a?—-! — aP-2) + (a?-! — aP-3) +... + (a? 1 —1)} 
and each term of this is positive or negative according as a1. 
Hence, in either case, (a? —1)/p — (a?-! —1)/(p—1)>9, 
that is, (a? —1)/p decreases as p decreases, and therefore 
-1)/p>(a%-1)/g if pg. 
If one or both of x, y are fractions, we may take x= p/d, y=q/d where 
pP, q, d are positive integers and p>g. We have to show that 
a?ld—1_ qaia_]} . bP-1_ b-l 
mm A a 
where baal. This follows from the preceding, for b>0 and +1. 
Nore. It has been shown that if a>0 and =41, as x passes through positive rational 


values, (a7 --1)/% increases with x. Putting l/a for a, it follows that (a~*-1)/zx 


increases, and consequently (1 —a-*)/x decreases as x increases. Further, putting 
1 1 


1/x for z, we conclude that x(a” —1) decreases and x(l ~a “) increases as x increases. 


1 
Ex. 1. Ifa>1 and n>1, then n(a®-1)>1 a- 


1 1 1 1 
If n>1, n(a” —1) =a" .n(1 -a n)>a"(l —a)>1-a-}, 


If n=1, the inequality becomes a~-1>1 or a(a-1)>a-1]1, ie. (@-1)?>0. 


10. If a and b are positive and unequal and x is any rational number 
ere Tsien za*—! (a — 6) >a* — b*>xb®- (a — b), 
unless 0<2<l, in which case xa*—(a — 6)<a® — b” <xb®-! (a — b). 

Proof. First observe that, in either of the cases, the truth of one of 
the inequalities involves that of the other. Thus, if for all positive and 


* It can be shown that this is true when z, y are positive real numbers. (See Ex. XXIII, 37-39.) 
P B.C.Ac 
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unequal values of a and b, za*-!(a—b)>a*-b*, we may interchange 
a and b, so that x+b*-1(b-—a)>6* —a*, and therefore a” — b*>2xb*-1(a—). 

Thus it is only necessary to prove one inequality in each case. 

Let a/b=k, then 

(i) if x is positive a” ~b*=zb*—-!(a—b) according as k®7-1l22(k-1), or 
according as (k* —1)/1=(k —1)/1, that is according as x21; (See Art. 9.) 

(ii) if z is negative and equal to — y, then xa*~! (a — b) Za” — b” according 
as —yk-¥-i(k-1)2k-¥-1, that is according as —y(k-1)2k—-*', or 
according as k¥+!-l=k(y+1)-—y-—1, or according as 

(AY —1)/(y +1) 2 (k-1)/1; 
that is (by Art. 9) according as y+121, or y=0. Now y>0, and so 
xa”! (a — b)>a* — b”. 


This completes the proof of the theorem. 


11. When b=1, the second inequalities in Art. 10 become 
a% —l>zrz(a-— 1l) if <0 or >l, 
a*—l<a(a-—1) if 0<r<l. 
Writing n for x and 1 +z for a, it follows that, if n is any rational except 
l, and x> -1l and 0, then 
(l+a)">l+nz if n<0 or >l, 
(l+a)"<l+nz if O<n<l. 
Or again, changing the sign of x, of x<1 and 340, 
(l-—z)">1l-nz if n<0 or >l, 
(lL-—z)"<l-nz if O<n<l. 


Ex. 1. If m, n are positive and m<n, it is possible to find positive values of x such 
that (l+2)™<1l4nz. 
For this inequality holds if z>0 and 
(L+2x)~™>1/(1 4 nz). 


Now (1+2)-">1-mz, hence the inequality holds if 1—mx>1/(1+n2), or if 
(1+n2z)(1 —mz)>1, or if x{(n - m) —- mnz}>0, or if 0<xr<(n —m)/mn. 


Ex. 2. If 8, =a, +a_t+... +a, where ay, dy, ... a, are all positive, then 
2 n 
1 tty + " a ~(14a,)(1 +a) ... (1 +a,)20. 
Denote the left-hand side by u,, then if n>1, 


rs sn ee 
Up ~ Un > 2, ee acs -a(l +a,)(1 +a) ... (1+@y_4). 
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Now ¢,"-8, "7 >ra,s7 Zt, when r>1 (Art. 10), and when r=1, this becomes 


an equality, therefore 
a 


Up —U 
aot ae samia ee +a) (l +a)... (1 +an_1)> un; 
an f=) 7 
therefore Up — Un 1>apun-1 and u,>(1+a,)Un_1>Un-1- 


Now u, =0, therefore u,>0 for n =2, 3, 4, ete. 


12. Arithmetic and Geometric Means. (1) If a, b, c... k 
are n numbers and 


A= “(atbter... +k) and G=X/(abe... k), 


then A is called the arithmetic mean and G the geometric mean of 


a, b,c, ... k. 


13. Theorem. The arithmetic mean of n positive numbers, which are 
not all equal to one another, is greater than their geometric mean. 

For let A be the arithmetic mean and G@ the geometric mean of the n 
positive numbers 

OSU OU Re Saban cases AES (A) 
Suppose that a>=any other number of the set and that b<any other 
number, then 
na>at+b+c+...¢k>nb and a>A>b. 
Let b' =a +b- A so that 6’>0, and consider the set 
VIN ae I) ae a ne eee (B) 
obtained by substituting A, b’ for a, b in (A). We have 
Ab’ —ab= A(a+b—A)-—ab=(a—A)(A-—b)>0. 

Thus A +b’ =a +b and Ab’>ab. Hence the numbers of the set (B) have 
the same arithmetic mean as those of (A), but a greater geometric mean. 

Again, if the numbers in (B) are not all equal, then A is neither the 
greatest nor the least of the set. By repeating the process we can there- 
fore obtain a-set of n positive numbers containing two A’s, with the same 
arithmetic mean as before, but a greater geometric mean. 

Continuing thus, we shall finally arrive at a set of n numbers each equal 
to A of which the geometric mean is greater than G, and since A is the 
geometric mean of these equal numbers, it follows that A>G. 

Thus for the numbers 10, 1, 2, 7, the successive sets are 


10, 1, 2,7; 5,6,2,7; 5,6,4,5; 5,5,5, 5. 


The arithmetic mean of the numbers in each set is 5, the geometric mean 
increasing from left to right. 
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Alternative proof. Taking the set (A), we have 
ab<{z (a +b}, cd<{z (c +d)}, 
abcd <{} (a +b). 4 (c +d) <{4(a +b +e +d)¥. 


Proceeding in this way, we can show that if n is a power of 2, then 


abe... k< [>(a+b+ Sd Yy, 


so that G<A. 
If n is not a power of 2, consider the set a, b,c, ... k, A, A, A,..., 


where A occurs r times and n +r is a power of 2. By the preceding, 
P a .k+rA\”+ 
gee 


The right-hand side is equal to A”+’, and therefore G*A’<A"*", so that 
G<A, the sign of equality only occurring when all the numbers a, b, ... k 
are equal. 


abc... k. 


Ex. 1. Show that n™>1.3.5...(2n—-1). 


We have {1 +3+5+... + (2n -1)/n>Y1.3.5. anes 
Now 143454...42n-1=4n{1 + (2n -1)} = 
~% n>V1I.3.5...(2n-1) and n”>1.3.5...(2n-1). 


Ex. 2. If ay, az, Q3... ap are positive and (n-1)s=a,+a,+...+@,, then 
AAA... Ap Z (N — 1)” (8 — a) (8 — ay)... (8 - an). 
For (8-a) + (8 — a3) +... + (8 —4,,) =, 
therefore a,/(n ~ 1) > {(s - az) (8 - a3) ... (8 - ap) 1/1), 
There are n inequalities (or equalities) of this kind, and the result followg by 
multiplication. 


14. Theorem. Ifa, b,... kand x, y, ... w are two sets of n posue 
numbers, those in the second set being rational, then 
THY +.. +W 
Ea) Sarb ... K. 
THY... +W 
For in Art. 13 we may take zt=7'/g, y=y'/g, ... w=w'/g, where z’, y', 
.. w’ and g are positive integers, and then it is sufficient to prove that 
ax’ + by’ +... kw 
a HY +... HW 
Now the left-hand side is the arithmetic mean and the right-hand side 
is the geometric mean of a, a, ... b, b, ... k, kh... , where a occurs 2’ times, 
b occurs y’ times, ... and k occurs w’ times, so that the result follows by 
the last theorem. 


(arw... key æ ty! +... +0), 
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15. Theorem. Jf a,b, c,... k are n positive numbers which are not 
all equal to one another, and m is any rational except 0 or 1, then 
am + OM + OM +... tk — = aby 
sain Seana Gace ane 


n 
according as m does not or does lie between O and 1. 
For let i aa Alor 
L Y 2z w n 
then LHY+HZ+... +WwW=N, 
1 1 l \" 
and (amt om tom +... + km) = le ; 
according as LY HYHH... HWN. 


If m does not lie between 0 and 1, by Art. 11, 
z™—1l>m(r-1), y”-1>m(y-1),... w™”-—-l>m(w-— 1). 


Hence em + y™ +... +w- n>m(I+y+... +w- n)=0, 
and therefore T™ HY” +... +W. 

If 0<m<1, by Art. 11, the sign > must be replaced hy < in all these 
inequalities, so that MHYH... HWN. 


This completes the proof of the theorem. 


16. Theorem. Ifa,b,... kand x,y, ... w are two sets of n rationals and 
those of the first set are not all egual to one another, then, m being any rational, 
cam tym +... + wk™ z +yb+... aai 
LYH... +W TYH.. +w /’ 
according as m does not or does lie between 0 and 1. 


e This depends on Art. 15 in the same way that Art. 14 depends on Art. 13. 


17. Application to Questions of Maxima and Minima 
Values. Inthe theorems of Arts. 13-15 the inequalities become equalities 
when all the numbers a, b, c, ... k are equal. Hence we draw the following 
conclusions : 

Suppose that z, y, z, ... w are n positive variables and that c is a constant, 
then : 

(1) If r+y+z+...+w=c, the value of zyz ... w is greatest when 

L=Y=...=W=C/n, 

so that the greatest value of xyz... w is (c/n)". 

(2) If zyz...w=c, the value of x+y+...w is least when r=y=... =w, 


1 
so that the least value of r+ y+... +w js nc". 
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Again, if m is any rational except 0 or 1, from Act. 3 we conclude that: 


(3) If ct+y+z+...+w=c then, according as m does not or does lie 
between 0 and 1, the least or the greatest value of x” +y” +... +w” occurs 
when z=y=...=w, the value in question being n!~™. c™. 

(4) If 2m@+y"+...+w™=c, then according as m does not or does lie 
between 0 and 1, the greatest or the least value of z+y+...+w occurs 
when z=y=...=w, the value in question being n!-!/™, lim, 


Ex. 1. Find the greatest value of xyz for positive values of x, y, z, subject to the con- 
dition yz +ou + xy =12. 

Since yz +22 + xy =12, the value of (yz)(zx) (zy) is greatest when yz =z% =xy, that is 
when 2=y=2=2. 

Hence the greatest value of (yz) (zx) (xy) is 2, and the greatest value of xyz is 8. 


Ex.2. If the sum of the sides of a triangle is given, prove that the area is greatest when 
the triangle is equilateral. 
Let a, b, c be the sides of the triangle, and let a+b+c=2s. 


If 4 is the area, then *=8(s—a)(s —6)(s—c). 
Now (s —a) +(s — 0) +(s —c)=s =a constant, 
Hence the value of (s —a)(s—6)(s—c) is greatest when s -a=s-—b=s8-—c. 


Therefore the value of 4 is greatest when a=b=c. 


Ex. 3. Find the least value of 3x+4y for positive values of x and y, subject to the 
condition xy =: 6. 
Since z*7? = 6, if A, u are any constants, we have (Az) (Ax) (uy) (uy) (uy) = GAA . 
1 
Therefore Ax + Ar+py+py+py is least when Ax = uy =(6A*z3)°. 


1 
Hence the least value of 2Az + 3uy is 5(6À?u?)*. 
Putting 2A=3 and 3u =4, it follows that the least value of 3x +4y is 


2 
32 43\5 
5 6-55 a) =10 
Ex. 4. Find the least value of x1 +y! +271 for positive values of x, y, z which satisfy 
the condilion x+y+z=C. 


In Art. 17, (3), putting m= —1, n=3, since m does not lie between 0 and 1, the least 
value of xt + y-1+27! is 32c~! or 9/c. 


EXERCISE XXIII 
In the inequalities marked with an *, all the numbers concerned are supposed to be 
positive. 
1. If a,, dz, ... a, and b,, bz, ... b, are two sets of numbers and all those in 
the second set are positive, then (a,+a,+...+4a,)/(b,+b,+...+0,) 
lies between the greatest and least of a,/b,, @s/bo, ..., @,/b,. 


2. If a, b, c are any real numbers, show that 
(6+c-a)?+(c+a—b)?+(a+b-c)?2bc+ca+ab. 
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3. If 122+ m?2+n?=1 and 1%+m?%+n?%=1, then Il’+mm’+nn’' <1. 
[Almu -mn + (ll’ +mm’ +n’) = LE. LV] 


4. Show that a(x +y)? + bz? +cz(x — y) cannot be positive for all real values of 
the quantities involved. 


5. If any two of a, b, c are together greater than the third and x+y+z=0, 


show that ayz + bzx+c*xy <0. 


6. If a>0 and x>y, show that a~+a*>a’+a-¥. 
7.* If a, b,c, d are in harmonical progression, then a+d>6+c. 
[Let p-39, p-q, p+q, p+3¢ be the reciprocals of a, b, c, d.] 
8.* If xy, then (ax” + by")/(ax"-1+by"—!) increases as n increases through 
integral values. 
9, Ifa, b, c, d are all >1, then 8(abcd+1)>(a+1)(b+1)(c+1)(d+1). 
[2(ab+1)>(a+1)(b+1), ete.] 
b?4+-¢? ci+a? a?+6? 
- + -— -->a+b+4c. 
b+c c+a a+b 
[For, (b?-+c?)/(6+c)>43(b+c), etc.] 
11. If x>0 or <-1, then x+2?4+2734+...42"<n(1l+a1), 
[Show that xt! + 22%-"<1]4a°"11] 
12.* (i) a(a —b)(a-—c)+b(b —c)(b—a)+c(c —a)(c —b) 0, 
(ii) a? +b? +c? + 8abe > a?(b +c) +-5?(c+a)+c72(a+5). 
[The second inequality is merely another form of the first. ] 


13. Ifa, b,c... k are n positive numbers, then 
(i) La. Difa>n?; (ii) La. DM /aSnXa’. 
14. If a, b, c are positive and not all equal, then 
Gabe <a?(b+c¢)+62(c+a)+c?(a+b)<2(a3 +53 +03). 
[3 Za3> Da. Za? and La(b—c)?>0.] 
15. If ab and x, y are any two positive numbers such that x+y=1, then 
ab! <ax + by. 


x 
[If a>, then (=) -l <x @ — 1) | 


16. If n>0 and 2>1, then 
gnti gint) n+] 
eaen > Ses [Use Art. 9.] 
17. If p>1 and r is any rational except zero, then 
(Ea ap heel lp op a(pa ly tt 
where the upper or lower signs are to be taken according as r does not, or does, 
lie between 0 and -1. 
Hence show that (17+ 2?43"+...+n7)/n7+) lies between 1/(r+ 1) and 
{(1+1/n)7t? -T/n™ y(r +1). 
[In Art. 10, let z=r+1. First put a=p+1,b=p, and next a=p, b=p-1. 
Finally let p=1, 2, 3, ... n in succession, and add.] 
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BE Sg ek 
Q, A, My a, a, 
19.* ab +b%c + c?a > 3abe. 20. (n+1)} >22 jn. 


21. Ifx>1 and n is a positive integer, (x"—1)/(a —1)>nat™-1), 


22. If any two of a, b, c are together greater than the third, then 
(a+b+c)§>27(b+c-—a)(c+a—b)(a+b—c). 


23. If all the factors are positive, then 
(i) abc> IT(b+c-a); (ii) abed> II(b+c+d — 2a). 


24. The greatest value of xyz(d —ax —by —cz) is d4/44abc, provided that all the 
factors are positive, and a, b, c, d are given positive numbers. 


25. Ifa, b, c are positive rationals and x, y, z are positive variables such that 
x+y+z is constant, show that x%y’z¢ has its greatest value when xja = y/b=z/c. 


26. If x, y, z are positive and x+y+4-z=1, then 8ryz<(1 -x)(1 -y)(l -2)< $. 
[Observe that 2'(1 -x)=2.] 


27. If maltstaten ts and n> 2, show that 
a 
n(n+1)"-n<s, <n—(n-1)n ®-}, 
2 3 n- 23 4 n+l 


and 


[Consider the sequences or Ly Lae Vara yD .] 


28. Let a, a» ... a, be a sequence of positive numbers and let A, G, H respec- 
tively be the arithmetic, geometric and harmonic means of a, and Gy, then 


(i) If a, a, ... a, is an arithmetical progression, G"<aj,a, ...a,<A". 
(ii) If @,, a, ... a, is a harmonical progression, 
nH <a, +a, +... +a <nA and H"<a,a,...a,<G@". 


29. If x,x,2, ... £, =a" where a is a constant, then 

(i) The sum of the products of every r of the z's > C?a". 

(ii) The least value of (x, +k)(x, +k) ... (2%, +k) is (a +k)”. 

30. Ifa is any positive number except 1, and zx, y, z are rationals no two of which 
are equal and which may be positive or negative, then 

a*(y —-z) +a (z — 2x) +a? (x —y)>0. 

[First let x, y, z be integers and let x> y>z (Art. 5). Consider the A.M. and 
the a.m. of the set of numbers a”, a7, a7, ... , až, až, a”, ... where af occurs (y —2) 
times and a? occurs (x — y) times. 


If x, y, z are fractions, denote them by p/d, q/d, rid where p, q, r, d are integers 
and d is positive. This case can then be at once deduced from the preceding.] 


31. Deduce the theorem of Art. 9 from Ex. 30. 


32. If a,,a,...,@, are positive and p>q then 
(a1 +a +... +4, <nP-4(a,? aP +... 44,7). 


{In Art. 15 put m=), a=a,?, etc.] 
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x 3 yas A 3 E 3 = 16 
b+c+d c+d+a d+a+b a+b+c” a+b+c+d' 
[In Art. 15, put m= -—], n=4, $(b+c+d) for a, etc. 
34.* Use Art. 16 to show that 
a b+bc+e7a a+b+c 
a+b+c ~ be +ca+ab' 


35.* 3(a?b + b%c +c7a) (ab? + be? + ca?) >abc(a +b +c. 
(Use Ex. 34.] 


36. If a,, a,, ... a and bi, bz, ... bn are two sets of positive numbers arranged 
in descending order, then 


(a; +a,+...+a,)(b,+6,+...6,) <n(a,b, +a.6,+...+4,,6,). 
[Let u,=n2a,b,—La,. 4b, Use the relation (a,—a,)(b,—-6,)20 to show 
that u,>U,_1-] 
37. Ifa>l and p, q are positive integers, show that 
aP-] at-] p-—q 


=- ———— > (a-1)? when p>g. 
D q 9 p-q 
[Let u, = (a? - 1)/p —-(a®-1-1)/(p - l), then by Art. 9, 
y= Pt ta (a+1)+aP-4*(a?+a4+1)+...+(a?-274+4?-34+...4+1)}; 
u D n {1+2+3+...+(p-1), .. u,>3(a-1)? 
?~ p(p-1) ee © 
aP~1 at~] 


and = EU t Uy te. (Ug >t (a- 1)*.] 


P q 
38. If a>1 and x, y are positive rationals, then 
= v " 2 
l a a Y (= ) fasi 
[Put x=p/d, y=q/d where p, q, d are positive integers. Let a1/3 =b ; then, using 
Ex. 37, we find that 
a?-l a-l - z- : 


Pa = gory d 2 
: >d =z" (b -1)}} =" {d(at - 1)}, 


pen 


x Y 2 


1 
and by Art. 9, Ex. 1, d(at —~l)>l]-a7.] 


39. Ifa>1 and x, y are positive real numbers, then 


(a* —l)/x>(a¥—-1)/y if x>y. 
[Let x’, y’ be rational ae to x, y such that x’>z2, y’<y, and there- 


fore z’-y’>x-y. Let f(z) —1)/x, and eg that 
ste )te, f(y=fly’) +e’ 
then f(a) Fly) =f) ~ fly) te- >k x —y’)(l-a-)Pte-e'; 


f(z) -f> x-y (1 -a Hte- e. 
We can choose x’, y’ so that | e-e | <3(z-y)(1-—a™")*, and so f(x) -f(y)>0, 
when z>y. See Ch. XIII, 7.] 


CHAPTER XV 


SEQUENCES AND LIMITS 
(Continued from Art. 11 on p. 15) 


1 Limit of a Function of the Positive Integral Variable n. 
When n is large, 1+; is nearly equal to |; further, by making n large 
enough, we can make 1 +7 as nearly equal to 1 as we like. 

This is roughly what is meant when we say that 1 is the limit of 1 az 


as n tends to infinity. In this explanation, the meaning of * large enough,’ 
‘as nearly equal to 1 as we like, is by no means clear. 

If u,„ is a function of the positive integral variable n, the ‘ limit of u, as 
n tends to infinity ’ is usually defined as follows : 


Definitions. (1) If corresponding to any positive number e that we 
may choose, no matter how small, there is a positive integer m such that 
for every integer n greater than or equal to m 

| Uy, —l | <e, 
where lis a fixed number, then 1 is called the limit of up, as n tends to infinity. 
This is expressed by writing 


limw,=l, or simply lmu,=l. 
n—> £ 


We also say that u, tends to las n tends to infinity; and express this by 
U —>l as n>n. 
(2) If, corresponding to any positive number M that we may choose, 


no matter how great, there is a positive integer m, such that for every 
integer n greater than or equal to m, 


un> M, 
then u, is said to tend to infinity as n tends to infinity, and we write 
Un—>oo or limu,=o. 


If u, >œ and v,= ~U,, we say that v, tends to minus infinity (—o ). 
If u,,-->l we say that the sequence (u,,) is convergent, and that it converges 
to the limit 1. If wu, or — æ , the sequence (u,) is said to be divergent, 
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If u, does not tend to a limit, nor to +œ, nor to —o, it is said to 
oscillate and the sequence (u,) is called oscillatory. 
If u, oscillates and a positive number M can be found such that, for 
every positive integer n, 
| un| <M, 


then u, is said to oscillate finitely. Otherwise, u,, oscillates infinitely. 


Ex. 1. How does the function a” behave as n -> œ ? 

Referring to Ch. IT, 18, (5), it will be seen that if a>1, a” -> œ; if a=1, a” =1 for 
every n; if |a|<1, a"+0; if a=—-I1, a™=:-++1 and a” oscillates finitely; if 
a<-1,a"-»0o or -œ according as n is even or odd, and so a” oscillates infinitely. 


It is often useful to represent the first few terms of a sequence (un) 
graphically. This is done by plotting points whose coordinates are (1, w), 
(2, uo), (3, u3), .... It is usual to join points representing consecutive 
terms. 


Ex. 2. If y= (-YR(1 42), represent 


graphically the first few terms of the sequence 
(Up) and examine the character of the sequence 
as N—> w. 


IZ EN ESE 


lls 


AS n> O, Usan —> l and u,,,,>-1. 
Thus u„ oscillates finitely. 


2. Fundamental Theorems on Limits. (1) If u ,—>l and vn =l, 


then 
(i) U, +0, ltl, (Gi) u ~va >l-l, (in) Uwr >t, 


iv) 1/u,—>1/l, unless l=0, (v) u,/v,—>1U, unless l =0 
Proof. Choose a positive number e, no matter how small. 


(i) and (ii). By the definition of a limit we can choose m, and me so 


that 
lu,—-l|<ge for n>m, 


and lu,-U| <ge for n>m. 


If we denote the greater of m,, Ma by m, then each of these inequalities 
will hold for n>m, and for such values of n we have 


| u,+0,—-(1+l’)|<|u,—-l|+|o,-U|<e 
and | unn- (l-l) | <| u, -U| t+] enl | <e. 
Hence, by the definition of a limit, 


Un tOn >l+l and u,-v,-1-0. 
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(i) Let u„=l +æ and v,=1'+f. Then 
UVa- W = Bl+a(l’ + B). 
Choose any positive number L greater than | l’+ |, then 
| U,V, -W| <| Bll +lo|. L. 
By the definition of a limit we can choose m so that 
j|=|un-T]<tz and | Bl=|%,-I'|<to7, 
provided only that næm. | Hence also | upton- UW | <e. 
Therefore Un, >U. 
(iv) Let u, =l +æ, then 
en 
u, l L(L+a) ° 


If lis not zero we can choose a positive number L less than |1+«|, and 
then 


u, l 
Now by the definition of a limit we can choose m so that 
jal|=|u,—-—I]<|l|.L.e, 
provided only that næm. Hence also 
l ] 


——- | < e, and therefore D. i 
up l u, l 


(v) This follows from (iii) and (iv), for 
Un l 1 


— == penne E 
Un Un U 


when l'0. 


(2) If u, —>l and v,, — u,,—>0, then vp, > l. 
For v, —1=(v, —u,) + (up -— 1), therefore | v, —1|<| Un~- un|+| un-t]. 
Now we can choose m so that for nm both 
|ua- l| <ġe and |v,-—u,|<$e. 
Hence for such values of n, 


|v,-l|<e, and therefore v,—>l. 


3. Monotone Sequences. If w,,,>u, for all values of n, u, is 
said to increase steadily, and (u,,) is called a monotone increasing sequence. 

If u,,,<u,, for all values of n, u, is said to decrease steadily, and (un) is 
called a monotone decreasing sequence. 
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Theorem 1. If every term of a monotone increasing sequence (up) is 
less than a fixed number k, then the sequence converges to a limit equal to, or 
less than, k. 


Proof. Divide the system of rational numbers into two classes as 
follows : 


The lower class is to contain every rational a such that, for some value 
of n (and therefore for all greater values), u, >a. 

The upper class is to contain every rational a’ such that u,<a’ for all 
values of n. 

No rational escapes classification, and every a is less than any a’. Hence 
the classification defines a real number A. 

We shall prove that the sequence converges to A as a limit. 


First observe that u„ cannot exceed A. For if u,>A, u, would exceed 
every rational which lies between u, and A. This is impossible, for such 
a rational would belong to the upper class. 

Next, choose a positive number e, no matter how small, and let a be a 
rational such that 

A-e<a<A. 
Then a belongs to the lower class, and is exceeded by some term u, of the 
sequence and by all succeeding terms ; 


therefore 0<A-u,<e if nèm. 


Hence lim u, =A. 


Again k>4A, for otherwise k would be exceeded by some term of the 


sequence, thus 
lim u,<k. 


It follows that if u, increases steadily as n—> œ , then u, tends to a limit 
or to +o. 


For if uv, does not tend to +o, a positive number k exists such that 
u,<k for all values of n. 


Theorem 2. If every term of a monotone decreasing sequence (un) 1s greater 
than a fixed number k, then the sequence converges to a limit equal to or 
greater than k. 


This can be proved by an argument similar to the preceding, or thus : 
Let v,= —u,, then (v,) is an increasing sequence of which every term is 
less than —k. Therefore (v,,) converges to a limit less than —k. Hence 
(u,,) converges to a limit greater than k. 

Hence also if u,, decreases steadily as n—> œ , then u, tends to a limit or 
to ~o. 
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1 
Ex. 1. If u,-:n(x"—-1) where x>0, show that u, tends to a limit as n>ow. 


If x=], u, =0 for every n, and so lim u, =0. 
If x>1, u,>0, and by XIV, 9, u„ decreases as n increases. Hence u, tends to a 
limit, which we shall denote by f(x), as n>. 
If 0<a<1, let r=I1/y, then y>1 and 
1 1 1 
U,an(y ”-1)= -y ™.n(y™—1)> -fly). 


4. Theorems. (1) If for all values of n,* u, is positive and up, >kun 
where k is a constant greater than unity, then u,—> œ . 
For u,>ku,,_,>h®u,_9 ... >k"-1u,. Now k>1, therefore u,—>o. 


(2) If for all values of n, u,, is positive and u, .,<ku, where k is a positive 
constant less than unity, then u,—>V. 

The proof is similar to that of Theorem (1). 

(3) If un is positive and lim uy,,/Un=l, then u,>a if l>1, and u,—>0 
of l<l. 

For if [>1 we can choose k so that [>k>1, and then by the definition 
of a limit we can find m such that u,,,,/u,>h for næm. Hence by 
Theorem (1), u, >œ. 

If l<1, we can choose k so that l<k<1, and then we can find m so that 
Unis/Un<k, for næm. Hence, by Theorem (2), u,,—>0. 


Ex. 1. If p isa given integer, positive or negative, show that 


og Jn ae! 
(i) poe if a>; (ii) =p>0 if |s| <1. 
x” u n \P 
If u, =~- then -2H =| ------) .z>x as n>o 
N nP n+l á 


n 
and the results follow from Theorem (3). 
5. Exponential Inequalities and Limits. 
: Se a 1\" 
1) If n is a positive integer, (1 +=) <3. 


For, by the Binomial theorem, 


(y “1414 79(1- ta ite am . to n+l terms 


Aiea D a 

EME a 

1 1 1 1 
<ltltg5toat-- ue ee es 


* Or, if n > m where m is a fixed number, i.e. after a certain stage. 
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(2) If m and n are positive integers and m>n, then 


.m n —m 1 —n 
i ole) and (= <(1--) ; 
m n m n 
For since m/n>1, by XIV, 11, 


mM 
n ] \m 1\" 
(1+—) te oe and therefore (1+—) (14) 
m n m m ~o n 
n 


1\m 
Moreover, 0<n/m<1, therefore by XIV, 11, (1 =) <l -<. 
m Pik l —n 
Hence Te = and (3 =) “ae f 
n m m n 


(3) The number e. If TE +)" and ty’ =(1 E then as n—> œ 


3 Í m 


through positive integral values, u, tends to a finite limit, so also does uy’ ; 
and the limit is the same for both. This limit is denoted by e, and is one of 
the most important numbers in mathematics. 

For (i) it has been shown that u, increases with n and that u,<3 for 
every n. Therefore u,—>e as n—>o , where e is a fixed number less than 3. 


x ; ' Up }\-" 
(11) Again, Un ~ tg = in (o -1) =u, {(1 -=) -1}, 


Now ifm>1,  1<(I -5) <i n+ (by XIV, ID, 


3 3 
therefore O<Up — Un< “n-" | Now ` —>0, 
nn n 
therefore Un —Un >00 and u,'’—>e. 
It should be noticed that 
Up KE<Un » 


It can be shown that e=2°7182818284 ... . 


EXERCISE XXIV 


1. State how the following functions behave as n>: 
1 
(i) 2+(-1). (ii) n+(- 1). (iii) =+2(- 1". 
(iv) 24-17, (v) n?+(-1)n. 


gr 
2. Prove that — —> 0 as n=œ. 


|n 
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3. Represent graphically the first few terms of the following sequences, and 
say how each behaves as n->0. 
„l 2 n ” l 
(i) grg gp era (11) -1l+l1, lto» 
4. If |a|<1, then re 


x” -> 0 as r>. 


; . ein ee ; ; 
5. Find lim . [The limit is 1, if |z|>1, and —1 otherwise. 


l l l 

pen eeen that + l, d that 
Sayi nt n48" ton i h aa are 
tends to a limit as n>. 


l 1] 1 1 
7. Show that poo Sg nT 


Hence show that ltjtgte ti +e as N-> oO, 
l 1 1 l 1 1 1 : 
G the te th ~ TE ~ ( J+ Ne 
[Group the terms thus : 57 a+y)+ etatate)t: ] 
l 
8. If lim n(x” -1)=f(x), prove that if x>0 and y>0, 


n >O 


, z l na 
(i) fC) =05 (i) f(z )=-A; Git) flay) =f@) +f) 
1 1 
[See Art. 3, Ex. 1. For the last part we have f(xy)=lim n(x"y"—-1). Now 
1 1 1 1 1 1 
xy” —L=y"™(2"—-1)+(y"-1), and limy"=1; 
1 1 
. f(xy) =lim n(x” —1)+lim n(y" -1)=f(x)+f(y)-] 
1.3.5... (2n—1) 3.5.7... (2n+1) 
zA Tt eem E i IRM O 
wea gag oa eg og Poe 
Un >00, v> and 4<a,vy< L 
If y>0, then Tor according as x Z hence 
[ y > y“ ytl’ g T < Y, n 
2 4 2n 1 
ee oe i 2 Se ae ey be 
Un<3 5U nT’ n <LI and u0; 
gae 2n+2 psn oe a! Sacer: 
| SG Bg. One I ges RE Nee 
ee 2n TEETE s, 6 E p _l 2n+2 l 
nn `~3 5 Ont] 3 5 n+l =z mri 2 


] 2 
10. If w, “1.3.8.2 04-1) N2n +1, prove that w, tends to a limit which 


lies between 1/,/2 and 1 as n—> æ. l 
[Show that Wn, < Wns then by Ex. 9, w,?=u,v, and ta Wallis 


2 
has shown that this iimit =] = | 


GENERAL PRINCIPLE 235 

11. If n=3, prove that *+1/(n+1)<<n2. Hence show that n/n —> l as n= œ. 
Tet 

[For the first part use the inequality ( l n) <3. Thus Yn decreases 


steadily; also Yn>1, therefore <’n->-l where l>1. If l>1, for n>3 we 
should have Y/n>/ and I™/n<1. But ["/n->o when [>1 (XV, 4, Ex. 1).] 


12. If r is any rational except zero and u,, =(17 + ee BT HRT), 
J] rH 
show that (i) (r+1)u,, lies between 1 and (1 + 7. 


(ui) If r+1>0, lim w,=1/(r +1). 
n->D 
[In Exercise XXII, 17, put 1, 2, 3, .... n in succession for p, and add. The 
necessity for the condition r+1>0 in (ii) should be explained. | 


13. Show that lim {(a+1)"+(a4+2)"+...+(a4n)"%j [nt =I /(r +1). 


Nn- 7D 


aa a 


6. General Principle of Convergence. The necessary and suff- 
cient condition for the convergence of the sequence (u,) is as follows. 


Corresponding to any positive number e that we may choose, no matter 
how small, it must be possible to find m so that, for every positive integer p, 


ina a Vee €y aa eisai (A) 


That is to say, the difference between u,, and any subsequent term must 
be numerically less than e, so that if the terms of the sequence are repre- 
sented graphically, all the terms beginning with u,n lie in a strip of width 2e. 

This statement, called the general principle of convergence, is of the 
greatest importance, and may be proved as follows. 


(1) The condition is necessary. For if u,,->l, we can find m so that 


| Um —li<ge and |u,,,—-l|<ge 


for every positive integer p. NOW tap — Um™ (Un yp ~ 8) + (l Up). 
Hence | Upiyp—Um| <= |Umap El t+] Um—2], and | Upp —Um | <E. 
(11) The condition is suficient. Represent the terms u,, Us,... by the 


points u,, Ug, ... on the z-axis. The condition asserts that m can be found 
so that all the points, 
Ba 2€ ?] 
Umi Um+e Um+a eeo Ò 


U, U, Um 
le on a segment of lengtb 2e Fic. 35. 


with its middle point at u. 

By choosing e small enough, we can make this segment as short as we 
like. Hence it seems reasonable to conclude that as n—>o, the point tn 
tends to a limiting position somewhere near to u,,. If the student is 
satisfied with this reasoning, he may omit the proof on the next page. 


Q B.C.A. 
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Given that, for every positive e, no matter how small, there exists a positive 
integer m such that 
| Un Uy | <E 


for every integer n greater than m, it is required to prove that the sequence (Un) 
ts convergent. 


Proof. Using the given condition, we can determine a positive integer 
m, so that, for every integer M> M, Um, 18s Within the interval 


(Um, — €E, Um, +6). 
Denote this interval by (a,, 6,). 


Again, we can determine m, so that, for every integer Mœ Mo, Um, 18 
within the interval (im, — 3€, Um, + 3€) Now um, is within (a,, b,), for 
M>M, Thus the whole or part of (Um,— 2€, Um, +2€) is within (a, b1). 

Denote the common part of these intervals by (dg, bg). 

This is of length ~e, bes entirely within (a, 6,), aud contains «,, for 
Hm The figure illustrates the case m whieh the intervals overlap. 


Ugi¢------- Oe 
Qyj<~-----------+------ 7 --- -- +6, 
O Wy, -€ Um, Unive ln, Ut bing ae 
(he een ener => 
Fic. 36. 


By repeating the process, we can find a succession of intervals (a,, b), 
(ao, by), ... (ar b) ..., Such that (1) each contains all that follow ; 


(ii) for sufficiently large values of n, u, 18 within each of the intervals ; 


se l 
(111) b, se pipe A) as HL., 


Hence by Ch. XIII, 4, there is one real number / and one only, such 
that a,<l<b, for every n, and this is the limit of the sequence (up). 


Note. The necessary and sufficient condition for the convergence of 
the sequence (u,) 18 usually stated (less simply) as follows. 

Corresponding to any positive number e that we may choose, no matter how 
small, at must be possible to find m so that 


My, Lp My, 


Sis Mee eae en ee er eee oe (B) 
if n>m, for every positive integer p. 

The condition (B), though apparently more general than (A), 1s equi- 
‘alent toit. To prove this, we have only to show that if (A) is possible, 
then (B) is possible when n>m. 
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By the condition (A), we can find m so that 
| Um+p— Um | <36, 
and then all the terms Um, Umo Umag- lie in the interval 
(Um— $E, Um te). 


Therefore the difference between any two terms which follow up is less 
than e. Hence we can find m so that 


| Unap—Unl|<e if n>m. 


Therefore the conditions (A) and (B) are one and the same. 


7. Bounds of a Sequence. (1) If there exists a number M such 
that, for all values of n, 


ZM: 
the sequence (u,,), and also the function w,, are said to be bounded above (or 
on the right). 

If there exists a number N such that, for all values of n, 


Uy): 


n>N, 


then (u,), and also u,, are said to be bounded below (or on the left). 
A sequence (up), or a function u,, which is bounded above and below, is 


said to be bounded. 


Examples. 
1 
—-{.]\" = 
l. Let u,=(-1) (1 +). 
Here (u„) has a greatest term, namely u,=%: it has also a least term, namely u, = — 2. 


These are called the upper and lower bounds of (u,), or of u, (Fic. 37). 


Although there is no greatest term, we say that 1 is the upper bound of (u,), or of 
u,, for the following reasons : 


(i) No term of (u,,) exceeds 1. 
(ii) Infinitely many terms exceed any number less than 1, for u.,— 1. 


For similar reasons, we say that —1 is the lower bound of (u,,) of u„ (Fic. 38). 
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Theorem. If u,, is bounded above there exists a number h such that 


(1) no term of (u,,) exceeds h ; 
(ii) at least one term of (u,) exceeds any number less than h. 


This number A is called the upper bound of the sequence (u,) or of the 
function up. 


Proof. Divide the system of rationals into two classes. 

The lower class is to contain every rational a such that for some value 
ofn 

Und. 

The upper class is to contain every rational a’ such that for all values 

ofn 
Up <a. 

Since uw, Is bounded above, both classes exist. No rational escapes 
classification, and every a is less than any a’. Hence the classification 
defines a real number A. 

Moreover, no term of (u,,) exceeds A, for in that case it would exceed a 
rational a’ greater than h. This is impossible, for a’ belongs to the upper 
class. 

Also if e is any positive number, no matter how small, we can find a 
rational a such that 

. h—-exa<h. 

Now a belongs to the lower class and is exceeded by some term of (u,). 
Hence at least one term of (u,) exceeds h —e. 

Hence the number A satisfies the conditions stated above. 

This theorem is often stated as follows: If u, 1s bounded above, then it 
has an upper bound. 

In a similar way we can show that: If u, is bounded below there exists a 
number l such that 


(i) no term of (u) is less than l; 
(11) at least one term of (u,) is less than any number greater than l. 


The number J is called the lower bound of the sequence (u,) or of the 
function un- 


NoTrE. /f (u,,) has no greatest term, infinitely many terms of the sequence lie between 
hand h—-e. 

For every term is less than A, and at least one term u, is greater than h-e. Since 
there is no groatest term, infinitely many terms are greater than u,,, and therefore also 
greater than Å ~e. 

Similarly, tf (u,,) has no least term, infinitely many terms of the sequence lie between l 
and l+e. 
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Terms selected from u,, Us, Uz, ... according to some definite rule are 
said to form a subsequence. 


Ex. 1. Explain how to select a subsequence which will converge to the upper bound h 
of (Uy). 

If u,h, let a, be the first term of (u,,) greater than u,. If a, 4h, let a, be the first 
term of (u,,) greater than a,. Continuing in this way we form the required subsequence 
` Uy, Ay, as,.... The formal proof is left to the student. 


8. Upper and Lower Limits (of Indetermination) of a 
Sequence. 


(1) Let (u,,) be a bounded sequence and let h,, he, hy, ... and L, la, Is, ... be 
the upper and lower bounds of the sequences uj, ts, Ug ..., Ug, Ug, Ug > 
Us, Ug, Us... , etc., respectively. 

If h,=u,, then wu, is not less than any term of ug, Us, Uy, ...3 therefore 
hih. If hyAu,, then h, is the upper bound of Us, us, Uy, -.., and so 
h,=h,. Thus, in any case, h =h Similarly hah, hy=h,y, and so on. 

Hence h,, hg, hg, ... is a steadily decreasing sequence and every term is 
greater than l. Therefore this sequence tends to a limit H greater than or 
equal to I,. 

Similarly l, l, l}, ... is an increasing sequence and every term is less 
thanh,. Therefore this sequence tends to a limit L less than or equal to hy. 

The numbers H and L are called the upper and lower limits (of indeter- 
mination) of the sequence (up). 


It is usual to write limu,=H and limu,=L. 


(2) Examples. 
(i) Let u,, =( -r( -*), Here h, =h, =h; =... =H. (Fig. 39.) 


1\ 
zi afi WA q 
(ii) Let u, =(-1) (1+3) 
Here ky =h, =w; hy =h; =u; ete. ~. H =lim u,n =1. (Fig. 40.) 
Also 1 =U; ; I, =l = Us ; etc. nie L=lim tsn = —]. 
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(3) It is easy to see that, if h,>hA,,,, then h,=u, and h,, ho, ... Anı are 
all terms of uj, Uo, ..., Un- AS n—->œ two cases arise : 


(i) After a certain stage, all the h’s are equal, that is to say, m exists so 


that 
hin = Poin = nga = + =H. 


In this case, (u,,) has no greatest term. None of the terms from u,, onwards 
can exceed H, but infinitely many terms exceed H —e. 


(11) There is no such stage as that described in (i). That is, no matter 
how great m may be, we can find n, greater than m, so that A,>h,,,. 
Therefore every h is a term of (u,), and in all cases H is such that, after a 
certain stage, every term of (w,,) is less than H +e. 

Hence in all cases, infinitely many terms of (u,) are greater than H —e ; 
also, after a certain stage all the terms of (u,) are less than H +e, in other 
words, only a finite number of terms exceed H +e. 


In a similar way we can show that infinitely many terms of u, are less 
than L+e and, after a certain stage, all the terms are greater than L-e; m 
other words, only a finite number of terms are less than L —e. 


It follows that, if H=L=l, then the sequence converges to las a limit. 
For, after a certain stage, all the terms of (u,) lie between L-e and 
H +e, that is between l-e and l +e. 


(4) General Principle of Convergence. We can at once deduce a proof 
that the condition in Art. 6 is sufficient for convergence. 

Given that m can be found so that |u,-u,,|<e for n>m, it ts 
required to prove that (u,) 1s convergent. 

First observe that u,, cannot tend to +o or to ~o. Therefore 
(u,) has upper and lower limits H and L. We can therefore choose m 
and n (n>m) so that |H-u,|<je, l[u,—-Ll|<ge, | up —Un|<de; 
and since H-DL=H —u,+u,,-L+u,-uU,»; 

|H-L\|<|H-u,|+|u,-L[+|u,-un|<e. 

That is to say, the difference between the fired numbers H and L is 


less than any positive number e, however small. Therefore H=L and 
(u,,) is convergent. 


9. Theorems. (1) If (u,) ts an increasing sequence and if, after a 


N S$ 
certain stage, Un — Un 1 <h(Un 1 Una, 


where k is a positive constant less than unity, then the sequence is convergent, 
But if Un- Un, Un 1- Un the sequence is divergent. 
In the first case, suppose that the conditions hold for n=s +2, 
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Then if m=s, Umg — Um <k (Um — Um) <8 (Ugg — Us); 
therefore Umi- Um <k"e where c=(uU,,,—U,)/k. 


Also Um42— Um <k" tC, 


od 


Um+n ~ Umin-1 <kintn—te, 
Hence by addition 
Umin — Um <k"e(l + ktk? +... hk") <hme/(1—&). 
Choose any positive number e, no matter how small; then, since k<1, we 
can find m so that k™<e(1—k)/c, and since u,,, n> Um it follows that 

| Uman ~ Um | <e for every r. 
Therefore the sequence (u,,) converges. 
In the second case, if nS, Ungi — Un Us 4 — Us 


Now u,,,—U, is a fixed positive quantity, therefore obviously u,—>o . 
(2) If u,>0 for all values of n and ty44/,—>l>0 where Lis a fixed 
1 


number, then u,?—>l. 
Because [>0, we can choose a positive number e<} and as small as we 
like. Then we can find m so that 
l- €<Um 43/Um<l +, 


l = EU, Un <l + €, 
and by multiplication, 


(l -€)?-™ <u, Up Ll e). 


Since | — e>0, it follows that 


i= <n = are Im, and (l+ Jor (l+ m Į”; 
therefore (l -ejr dm<(l +e)” 
1 m 1 
Um |” = fumi" 
and o daa) (l+e). 


1 1 
Now w,,/l™ is a fixed number, therefore (u,,/l™)"—>1 and u,” —>l. 


1 
Note. The converse of this theorem is not true. That is to say, if u„” — l, it does not 


follow that u,,,/u,—1. For consider as a special case the sequence 1, 2, 1, 2, ... in 
1 


which the terms are alternately 1 and 2. Here u,"%-»1, but un ,,/Un does not tend to 
a limit. 
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. 1 
3) If s =U, tet... +U, and lim u,=l, then lm - s,=1. 
n-*t n-> x 
We can find m so that for any positive e, 
l—eE<Um <l +E, 


b—€<Umyg<b+e, 


l—excu,<lt+e. 
Hence hy addition, 


(n-m)(l—e)<s,—-8,<(n-—m)(l+e) for n>m 
M Sm 
and e ga , <(1-")¢ [APE E EE (A) 


Now let m and n tend to œ in such a way that n/m—>œ. (For example, 
we may suppose that m—>œ and n>mè.) 
We shall show that under these circumstances s,,/n—>0. 
Since u, —>1 we can find a fixed number k such that | u,|<k for every 
r, and then 
| Sin | <] uy | t+] wg] +... +] a, | < mk, 
] 


m l 
so that lsm |< -$ and s,,/n->0. 
n n 


Thus in the inequality (A), m/n and s/n tend to zero and e can be taken 
as small as we like, therefore s,,/n—>l. 


(4) If Pa=dnbi +a, bo t an-gb3 +... +a,b, and lim a,=a, lim 6, =), 


n-» oO n—> 00 
| 
then lin --P, =ab. 
nao M 
Let a,=a+a, and b,=b+f,, so that a,—0, B,->0, then 


-P ,=ab+" (Bi + B+ +B) + a tagt tan) + Om 
] 
where Qn => (Enb + %n—1Be + n $0,B,,). 


Now by (3), (æ tagt.. Han) >O and “(Bi +Bat---+Bn)>0, 


and we shall prove that Q,—0. 
| ren 
We have | Qn |< n Z| XrBn-r41 |, 
r= 


and since a,—>0 and 8,—>0 we can find a fixed number k such that for every s 
ja,|<k and | B,|<k. 
We can also find m so that 
la,j<e/k& and | B,|<e/k for s>m. 
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Hence =| a, bnr] <k] Brora <E for n-r+l>m, .............. (A) 
and abia hep lace LOG Fom sneren eoa (B) 


If n>2m, the inequality (A) will hold for r<m+1, te. for r<m, 
so that, with this.proviso, |a,B,.4,|/<e for I<r<n. 


Therefore |Q,|<e¢: consequently @,—>0 and | P,>ab, 


10. Complex Sequences. (1) If z,=2,+ey, where x, and Yn 
are functions of a positive integral variable n, the sequence (z,) is said 
to be complex. 

If corresponding to any positive e, however small, there is a positive 


integ suc x 
integer m such that \z,-2z\|<e for n>m, 


where zis a fixed number, then z is called the limit of.z, as n—>o , and 


we write lim z,=2 or limz,=2 or 2,->2%. 
n —> 00 


Under these circumstances the sequence (z,) is said to converge to the 
limit z. 
In order that limz,=z=a-+ ty it ts necessary and sufficient that 


imz,=« and lmy,=y. 

For ee a (tee) E (Ya) a a ae (A) 

Therefore |2,-2|2|2,-xz| and |[z,-z|>|y,-y|- 

First suppose that z,—>z. By definition, 

|2,-2|->0, therefore |z,-x7| and |y,-y| 

tend to zero, so that z, >z and Yy, >y. 

Again, if rı >x and y,—>y, from equation (A) it follows that 

|Z,—2|-->0, therefore z,—>z. 

All this is evident geometrically, for | z, —z| is the distance between the 

points z,, and z. 


(2) The theorems of Ch. XV, 2, regarding the limits of the sum, difference, 
product and quotient of two functions of n, continue to hold when the 
functions are complex. 

(3) Limit of z2” as nœ when z is complex. If |z|<1, then 2"->0. 
Otherwise z2” does not tend to a limit except when z=1, and then lim 2" =1. 

For let z=r(cos 0 + ı sin 0), then z” =r” (cos nô + sin nô), and 

(i) if | z|=r<1, then r”—>0 and 2?”—0; 

(ii) if z=1 then z”=1, and if | z|>1 then 7”—>œ and 2" does not tend 
to a limit. 
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11. General Principle of Convergence. The necessary and 
sufficient condition for the convergence of a complex sequence (z,) is 
as follows : 

Corresponding to any positive e, however small, it must be possible to find 
m so that | 2mip—%m|<«¢ for every positive integer p. 


Proof. If (z,) 1s convergent, then (x,) and (y,) are convergent sequences; 
and by Art. 6, we can therefore choose m so that for every positive integer p, 


; 1 : 1 
| baan lig ee 2€ and | Yan Un |< 


Now | Zmip ~ 2m | 2 | 2min Em| +! Ymen ~ Yen | 


therefore | Znap — 2m |<e- 


Hence the condition is necessary. 

Neat suppose that |2mip—-2Zm|<e, then |x,,49—-2Ln|<l Zmip ~m] <e. 

Therefore (z,,) is convergent (Art. 6), and similarly it can be shown that 
(Yn) is convergent. Hence (z,) is convergent, and the condition is sufficient. 


Nore. As in Art. 6, the condition may be stated thus. Corresponding 
to any positive e, however small, it must be possible to find m so that 


| Zn ip —2n |<€ 


if næm, for every positive integer p. 


EXERCISE XXV 


1. If u„ is a decreasing function of n, then, after a certain stage, all the terms 
of u„ have the same sign. 


[Either wv, tends to a limit orto -o. First let u, >l. If1>0, u, is positive 
for all valucs of n, for u, tends to l from above. If 1<0, we can choose m so that 
L<u,<O for n>m. 

Therefore the terms of (u) beginning with w,, are negative. 
If u,-> - 00, we can find m so that u, < ~k for n>m.] 


. 2. If u, is an increasing function, the statement in Ex. 1 is true. 


3. Show that the positive proper fractions can be 
arranged in a definite order, so as to form a sequence. 
Represent the first few terms graphically; indicate 
terms which form subsequences converging to the 
upper and lower bounds as a limit. 

[The sequence, omitting such fractions as 2, is 


l 1 2 1 3 1 2 3 4 ] 5 
9? R 3” d7 4’ 5’ 5? 5?’ re ee gore 


The required subsequences are indicated by the 


dotted lines. ] 
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1 
4. If u,>0 forall values of n and u,,,/u,—>1, then (nup) —>l. 
[See Ex. XXIV, 11, and Art. 9, (2).] 


1 1 1 | ` 
im — ~+-~+,,,¢-]=0. [Art. 9, (3). 
5. Prove that lim (1 +5t5+ +e) 0. [Art. 9, (3).] 
(n+1)" u : 
6. If u,= | , show that a ->e, and consequently (n +1)/(| n)” > e. 
Ae n—1 oy 
l 1 l l 

ee an N E E E E ee that 

7. If u, i.n 2in-1)* 3m2 t o prove tha 


=- (1+3tgt e +3 )>0 
“nhl 2 3 42 ' 

l 1 1 ] 1 
[We have (n+ 1), =(1 t)r) Gtt | 


1 1 l 


} 
8. If u, = -— tp jr’ 


n= iP nP t P, (n1 3P(n—2)P 
prove that u, > œ. 
[Show that r(n~r+1)<ł4(n+1)} for r=1, 2,3,...n. Hence show that 
Up>N .4P/(n + 1)??—> a «| 


where O0<p<, 


9. If k>0 and a, —f are the positive and negative roots of x?7-x-k=0 
prove that (i) if u,=/(k+U,_,) and u,>0, then u,— «; 
(ii) if v,=/(k-—vy,_,) and v,<k, then v> B. 
Illustrate geometrically. 


2 
*—u =Un- 1 Un-23 


2o 
= n-1 7 


[(i) Here up? =k +Un is Up 15k +Up g e U 


n 
hence up Zun according as Un ı = Unz; therefore (u,) is monotone. 
First suppose that u,>«a, then u, >u, +k for u?-u,—-k=(u, -«)(u,+ 8), 


Ug =U, tkh<u,7, 2. Ua <u, and (u,) is a decreasing sequence. 
Again, u,2=u,+k>u.+k, “. ug>a. Similarly u, >a for n=3, 4,.... Hence 
Up > l>a. Thus up — un —>0 and it follows that 
(Un — a) (Un + B)=(Uyn? — Un — k) — (Un? -Un k)> 0, ©. Uy > & 


The case in which u,<« can be treated in the same way. 


(ii) Draw graphs of y=x and y=./(k+2), 
meeting at A. In Fig. 42, we have 


ON,=N,p,=Up, and N,P,=V(k+u,)=Unyp 
and thus P Pr = Up — Up, 
The figure illustrates the case in which 
u, =0N,=N,p,> 0, 


and shows that (u„) is a decreasing sequence. 
Thus N,P,>N,p, for every r, and so N, is 

always to the right of N. Thus u,>l>a 

and 


Un — Uns = PaPa —> 0. 


Hence N, tends to N as a limiting position and u,>«.] 
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10. If w,=f(un_1) where f(z) is such that (i) f(z)>0 if 2>0, (ii) f(z) 
increases with z, and (iii) the equation x=f(x) has a single positive root «, 
prove that u,— a. 

[It is advisable to draw a figure. ] 


11. Show that as the number of roots tends to infinity, the expressions 
SINTON Tics, TEN TTS 


tend to the roots of z? -x —7=0 as limits. 


12. If aeda —~V7+y, prove that 
y =(x? — 7)? -7,. 
Draw a graph of the last equation, and prove that if 


eae aa see: 


then Uy, Ug, Ug --. is a decreasing sequence, 
Us, Ugs Us --. 18 an increasing sequence, 
and that both sequences converge to 2 as a limit. 
Prove also that 


Viadt A t4dT 2... to œ =3. 


13. If u,, v, are given unequal numbers and 


Un =z (Unitn) Vn=N (Unn) for n>2, 
prove that (i) u, decreases, and v, increases as n increases. (ii) Each of the 
functions u,, and v, tends to a limit, which is the same for both. This limit is 
called the arithmetico-geometric mean of u, and v, (Gauss). 


[Un -Va =F (Vun NYa) > 0, .. U >V, for every n; 
n Un =z (Uni tn) <un and 0%, =n/(Un_Yn_1)> Vn 
Thus v4 <Vz 00. <SVp e Up -> SU Uy. 
Hence u, tends to a limit, and so does vp. 
Also lim v, =lim vp = lim (2u,, — Un) = lim u,.] 


CHAPTER XVI 


CONVERGENCE OF SERIES (1) 


1. Definitions. Let u, be a function of n which has a definite value 

for all positive integral values of n. An expression of the form 

Uy + Ug + Ug +... HUn t., 
in which every term is followed by another term, is called an infinite series. 
This series will be denoted by Zn=1un, or by 2u,, and the sum of its first 
n terms by s,. 

The sum of the p terms immediately following the nth term is denoted 
by Rn, p, sO that 

Ra, p™ Un + Unga +- +Unpp™ Snyp Sn 

As n tends to infinity, there are four distinct possibilities : s,, may tend 
to a finite limit, to infinity or to minus infinity, or it may do none of these 
things. 

If s, tends to a finite limit s, the series is said to be convergent and s is 
called its sum to infinity. Thus s is defined by 

lim s,=s, or briefly, lms,=s. 
n->o , 
This is also expressed by writing 
Uj Ug + Uz +... tO © =8 or Zi up=S$, or Lu,=s. 

If s„ tends to œ or to — œ , the series is said to be divergent. 

If s, tends to no limit, whether finite or infinite, the series is said to 
oscillate. We say that the series oscillates finitely or infinitely, according 
as s, oscillates between finite limits, or between +o and —o. 

Series which diverge or oscillate are often said to be non-convergent. 

The sum (to infinity) of a convergent series is essentially a limit, and is 
not a sum in the sense described in the definition of addition. We are 
therefore not justified in assuming that the sum of an infinite series is 
unaltered by changing the order of the terms or by the introduction or 
removal of brackets. 

In fact, changes of this kind may alter the sum, or they may transform 
a convergent series into one which diverges or oscillates. 

Thus the series (1 -1)+(1-—1)+(1-—1) +... is convergent and its sum is 
zero, but the series 1—1+1-—1+... oscillates. 
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2. The Geometric Series. The series 1+xt+az?+...+a"1+... 
converges if |x|<1 and its sum is 1/(1-zx). It dwerges if x1, 
oscillates finitely if x= —1, and oscillates infinitely if x< -1. 

For s,=(1—2")/(1-2) if x1. If |r|<1, 2*->0 and s,—1/(1-2). 
If c>1, sæ. If s=~—1, s,=1 or 0, according as n is odd or even. 
If z< -1, s,y>æœ or —oo according as n is odd or even. 


3. Theorems. (1) Jf m ts a given number, the series 
UptUgtUgt... and Unis tUmset Umig +. 
both converge, both diverge or both oscillate. 
For let Sy = Uy +U +... HUn by = Umi tUm t- tUmin: 
Then t =Sm4n— Sm and s,, is a fixed number, hence 
(1) if s,,,,, tends to a ñnite limit or to +, so also will t, ; 
(ii) if Sm4n tends to no limit, whether finite-or infinite, neither will ¢,. 
(2) If k is a fixed number and Xu, converges to a sum s, then Lku,, is 


convergent and its sum is ks. Also if the first serves diverges or oscillates, so 
does the second, unless k =0. 


For if s,—s, then ks,—>ks. If k>40 and s,>+0, so.does ks,. If 
s, tends to no fixed limit, finite or infinite, neither does ks,- 


4. Addition and Subtraction of Series. If the serves 
UptUgt... and U1, +Uet... 
converge and their sums are s and t respectively, then 
(1) (u, +0) + (Uo +v) +... converges, and its sum is st+t; 
(11) (uw, — Y1) + (ta — v2) +... converges, and its sum ts s —t. 
(i) For lim {(u, +0,) + (ug + v2) +... + (Un +,)} 
=lim {(u, + gt... +Un) + (Vp + Vat... Un) 
=lim(u, +Ug+...+U,)+lim(v,+0,+...+0,)=stl. 
Norte. In the proof, all the series in brackets are finite. 


(11) The proof is similar to the preceding. 


SERIES OF PosiTivE TERMS 


We first consider series in which all the terms are positive. Under this 
heading we include series in which all the terms are positive beginning with 
some particular term. 


5. Introduction and Removal of Brackets. Let Zu, be a series 
of positive terms, and let the terms be arranged in groups without altering 


SERIES OF POSITIVE TERMS 249 
their order. Denote the sum of the terms in the nth group by »v,, then 
(i) If Lu,, converges to a sum s, so does vp. 
For let Sn = Uy + Ug +... + Ups 
ln =V HV t.e tV 
Then for every n we can find m and p, so that 
Sm Stn <Smip» 
where m tends to infinity with n. 
Now lim s,,=lim s,,,,=8, therefore lim é,=s. 
(11) If Lv, converges to a sum s, so does Zup. 
For corresponding to every n we can find m, so that 
mS Sn <li sy: 


But lim ¢,,=1:m t,,4,=8, therefore lim s,=s. 


6. Changing the Order of Terms. If the terms of a convergent 
series of positive terms are rearranged, the series remains convergent and tts 
sum is unaltered. 


Proof. Let Xu, -be convergent, and let the terms be rearranged in any 
manner. Denote the new series by 2v,, so that every u is a v and every v 
isau. Let 

Sn = Uy + Ugh... + Up; 
tn =V HV +... + Uy. 

Suppose that the first n terms of Zu, are, among the first m terms of 
dv, Further, suppose that the first m terms of Zv, are among the first 
(n + p) terms of Lu,,. 


Thus N<MEN+P, 
and m tends to infinity with n. 
Also Sn Ím S Snp 
Now lim s,=lim s,,,=s8, therefore lim tp =s. 


Hence Žv, is convergent and has the same sum as Duy. 


Nore. The argument fails for such a derangement as 
Uy Uz tUgt... $UgtUgtUgt..., 

where Zu, is broken up into two (or any finite number of) infi 

For here we cannot find m so that the first n terms of Zu, 
m terms of 2v,. Thus u, does not occur till infinitely many of ti 
have been placed. 

The rule for the addition of series applies in cases of this kind, but 
Zu, is broken up into infinitely many infinite series. 

Derangements of the last sort are considered in another volume. 
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7. Theorem. A series of positive terms cannot oscillate, and if S, 1s 
always less than some fixed number k, the serves converges and its sum 1s less 
than k. 

For s, increases with n, and therefore tends to a finite limit or to œ 
(Ch. XV, 3). Hence the series cannot oscillate. Further, if s,<k for 
every n, then s,—>s, where s is a fixed number less than k (Ch. XV, 3). 


8. Comparison Tests. (1) If 2u, and Xa, are two series of positive 
terms and Za, is known to be convergent, then Liu, will be convergent if 


(i) * u,<a,, for all values of n ; 
(11) * or of u,/a,, 1s always less than some fixed positive number k ; 
(i11) or of u,,/a, tends to a finite limit. 
Proof. (i) If a,+a,+... to œ =t, we have 
Uy tUg 7... HUn Haa +.. ap Lt ; 
and since ¢ is a fixed number, it follows that Zu, is convergent. 


(1) For all values of n, we have u,<ka,. Now Jka, is convergent, 
therefore Zu, is convergent. 


(111) This follows at once from (i1), for if lim w,/a,, 1s finite, we can find 
a positive constant k, such that u,/a,<k for all values of n. 
(2) If Lu, and La, are two series of positive terms and Xa, 1s known to 
be divergent, then Xu,, will be divergent uf 
(i) * u, >a, for all values of n ; 
(11) * or of u,/a, 1s always greater than some fixed posite number k ; 
(iii) or of u,/a, tends to a limit greater than zero. 
Proof. (i) Let N be a positive number, no matter how great. Since 
Za, is divergent, m can be found such that 
a +a +... +a, >N provided that n>m; 
" UyptUat...+U,>N provided that n>m, 
‘s divergent. 
values of n, u,>ka,. Now 2a, ìs divergent; therefore 
`t, therefore L'u,, is divergent. 
at once from (ii), for if lim w,/a, ìs finite, a positive 
ound such that u,/a,> for all values of n. 
-y these tests, we require certain series which are known 
or divergent. The geometric series and the series of the 
shose which are most generally useful as test series. 


ficient that these conditions should hold for all values of n greater than some 


METHOD OF COMPARISON 251 


. 1l 1 1 , : 
9. Theorem. The series — +z- : tapte topte t8 convergent uf 


1P 2P 3P 
p>l and divergent if p<. 

Denote the given series by S. Since S is a series of positive terms, its 
convergence or divergence is not affected by grouping the terms in brackets 
in any way we please. 

Furst let p>1. Group the terms as follows: 


1 1l l1 1 1 1 
1+(ss+as)+(ptastaetia) + EE E T (A) 


where the first terms in the brackets are 1/2?, 1/2?”, 1/23”, ete., and the 
brackets contain 2, 4, 8, ... terms, respectively. 
Each term in (A) after the first is less than the corresponding term in 


l ae i 1 1 1 
1+(5 a. ar ee t tess 


QP QP 4P 4P 4P’ 4P 
hich is th 2 4 1 l l B 
which 1s the same as l+ant gt: .» OF tapait Fet ...(B) 


Now (B) is a geometric series whose common ratio 1/2?! is less than 
unity, for p>1. Hence (B) is convergent, and therefore S is convergent. 

Next, if p=1, the series S becomes 1+43+3+4+.... Group the terms 
thus : Lede (St Rt (Rt Ste tay tine, cccecceccceeseee (C) 
where the last terms in the brackets are 1/22, 1/23, 1/24, ete., and the 
brackets contain 2, 4, 8, ... terms, respectively. 

Each term of (C) is greater than the corresponding term of 

lig+(Gta)t(stetets)t.., 

which is the same as 14+4$4+44+9+..., or Lt et ett... cee. (D) 

Now (D) is divergent, and therefore S is divergent. 

Lastly, if p<, each term of, S after the first is greater than the corres- 
ponding term of 1+3+4+4+...; but the last series is divergent, there- 
fore S is divergent. 


10. Examples on the Comparison Tests. 


l , 1 3 5 . 
Ex. ]. Is the Series 1.2.3 +5 3.4°3.4.5 + 26. convergent or divergent ? 
2n—1 1 
pay Saamme a arsan E 
Here u, nin+i)in +3)? ; let a, i Then we have 
, n?(2n — 1) 
ae apes n a, 
lima lim in + 1)(0 +2) 


Now Za, is convergent ; therefore Lu, is convergent. 


* The nth term a,, of a suitable test series is found thus: Keeping only the highest powers of 
n in the numerator and denominator of Un We obtain 2n/n? or 2/n?. Disregarding the numerical 
factor 2, we take 1/n? for ün’ 


R B.C.A. 
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Ex. 2. Test for convergence or divergence the series 


: + anes = +... + + where x>0 
lte ler? l+ U l+an `? 
If x<1, 2"-+0 and u,/z"1>1. Now 2£2"-! is convergent, therefore Lu, i 


convergent. 
1 1 
If z>1, z” -0 and u,=--——- = +...» -, Hence £u, is divergent. 
m ae nox lil+a" r ene) z 4 & 


If z=1, u, =%, and the series is divergent. 


TESTS DERIVED FROM THE GEOMETRIC SERIES 


11. D’Alembert’s Test. A series Lu, of positive terms 1s con 
vergent tf Uny,/Un<k<1, where k is a fixed number and n may have ani 
value. l 

The series is divergent if Un4,/Un 21 for all values of n. 


For if u,4)/U,<k<1 for every n, then 
Ti Un Un- P ee “2 pnd, 
Ur Un~ Ung Ug U 


Thus u,<u,.k"-! and Xu .k”-! is convergent, therefore Lu, i 
convergent. 


Again, if U,,1/Un=l for all values of n, then 


Un = Uj = Un- Us 


therefore u,+U.+...+U,2=2nu,—>o. Hence Su, is divergent. 

In particular, if u,,,,/u, tends to a lumit l, then Xu, is convergent whei 
l<1 and divergent when l>1. 

For if l<1, choose k so that k<k<1. Then by the definition of a limit 
Un41/Un <k for n>m, where m is a fixed number. Hence 


Umi tUm t... 


is convergent, and therefore Xu, 1s convergent. 
Again, if l>1, then m can be found so that u,,,>u, for n>m. Henc 
Um41tUm+2 +... 18 divergent, and therefore Zu, is divergent. 


Norr. (i) It is sufficient that the conditions should hold for all values of n greate 
than some fixed value. 


(ii) Nothing is said as to the case in which lim u,,,/u,=1. In this case the serie 
may be convergent or it may be divergent, and we say that the test fails. 
For example, consider the series 


ee eal nd De pee ay 

itetatgt. a tgatgatgate:- 
The first is divergent, the second is convergent, and in both we have lim u, ,,/u, =1 
If, however, u,,,/u, tends to 1 as a limit from above, so that always Un >un 


the series is divergent. The series 1+2+3+4+... is an instance of this. 
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12. Cauchy’s Test. A series Xu, of positive terms is convergent if 
pea where k 1s a fixed number and n can have any value. 

The series is divergent if- uil for infinitely many values of n. 

For if oe 1, then u,<k", and since k<1 the series Xk" is con- 


vergent, and consequently Zu, is convergent. 
1 
If u,">1, and consequently u,>1, for infinitely many values of n, 


then Lu, is obviously divergent. 
1 
In particular, if u„” tends to a limit l, then Lu, is convergent when l<1 


and divergent when I>1. 
The proof is similar to that in the last article. 


It is sufficient that the conditions should hold for n>>m, where m is a 
1 


fixed number. Also nothing is said as to the case in which lim u,"=1, 
but if the limit is approached from above, Lu, is divergent. 


13. Comparing these tests, that of D’Alembert is more generally 
useful than Cauchy’s. For in most of the series with which we are 
concerned, u,,,/u, 1s a simpler function than u, 

On the other hand, Cauchy’s test is more general than D’Alembert’s. 
That this is the case will be seen by noting that 


(1) Cauchy’s condition for divergence is wider than D’Alembert’s. For 
in D’Alembert’s test the condition has to be satisfied by all values of n 


greater than a fixed value, and this is not the case in Cauchy’s. 
1 


(ii) It has been shown in Ch. XV, 9, (2), that if u,,,/u,—>1 then u,”—>l. 
1 


But if u„,”—>l, it does not follow that u,,,/u, tends to any limit. 
So we may expect that Cauchy’s test will sometimes succeed when 
D’ Alembert’s fails, as in Ex. 3 below. 


a oi ; ; ; 
Ex. 1. Show that the series Eto tat gt. t convergent if O<a<1 and diver- 
gent if x>1. 
an grt ee oes n 
Here Un 57? Una =F]? ae ae 


Hence, if 0<x<1, the series is convergent, and if z>1, it is divergent. 


If z=1, D’Alembert’s test fails, but in this case the series becomes 


14+4344444..., 
and is divergent. j 
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Ex. 2. Show that the series 1 +x +r? / |2 +2 [ Bt... is convergent for all positive 
values of x. = 


Hence the scries is convergent. 
Ex. 3. Test for convergence the series a+b +a? +b? +a’ +b? + 
Us bN” u, aN” 
Here raat? : an a.T) ; 
Uzn-1 \4 Uon b. 
2 2 
and D’Alembert’s test is inapplicable. Using Cauchy’s test, since U,t>a*® or b? 


according as n is odd or even, the series is convergent if O<a<1 and 0<0<1], and 
divergent if a>1, or if b>1. 


EXERCISE XXVI 
1. State the character of the series 
(i) (1—-3)4+(1-f)4+-(1-f) 4 ©, (ii) 1-34 1-3+1-7+.... 
showing that for the second series lim s,,,=:1 and lim 83), ,==2. 
2. Show that the series x +l- ta? +a HaT nnn is never convergent. 


3. Show that, if (a,-+@,+a,-+... is convergent, so also is 
2 (A +da) +3 (dg +A) + 2 (Ag +My) +. 
Prove also that the converse is true if a,>0, for n> some fixed number m. 
[Consider the sum to n terms of the second series. | 


4. Criticise the following : 
Pat ceeeds.jsleda 34) 4.0.—(14+4454..)4G4+i+o+--) 


which is absurd, for }<1, 1 <4, and so on. 


5. If 2 is a positive integer, show that 


2 ae ee a (ii) ee ee 
UO ed yO ye 9°3°4 Op 


(iii) Given that 2? > 108+ 1, show that the sum of the first A terms of the 
series }+44144+... is less than 20. 


6. Show that 
1 
‘ee Be ae 
ONG ian 42)" Gn ee a) anand) a Aa 
J 1 


ss seats 1 
(ii) The sum to infinity of the series imi + maj: + CEE 4 


lies between : d ee ae 
WERD mth mel (m+ 1) 


(iii) Hence show that, in order to find the sum to infinity of the series 


l 1l l 
5 ee 32 +5 : -+...„ with an error less than 0:001, at least 1000 terms 


must be ea: 
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Determine whether the series in Exx. 7-14 are convergent or divergent. 


7 eer eae 8 ee pee 
e 3 5 Fi Ki e J/2 /3 J/4 ece o 
i 1 1 1 2 3 
9. fab Goh eae 10. Vati ite 
We Ee a e OE E ae anc 


3? 42" BF. 62" 77,8? [i [27 [3° [4 
l 2 3 ] 2 


13. — + ——~4+>—-=4+.... ooo tt tee 
$ yata at l4 pratipa et 
Test for convergence or divergence the series whose nth terms are 

/n n 29-1] n? 
15. arr i 16. (at nb) 17. qn 1° Sa e 

n? +a ns ———— -- — 
19. —. . ———. . Nn?+l-n. . Nn? +1- s/n. 
9 mia 20 ce 21. Vn?+1—n 22. Nn? +1 — yn 


For what positive values of x are the series in Exx. 23-31 convergent, and for 
what values are they divergent ? 


23. 1+2 +32 +43 +... 24. 1+ x2? + x?/3? + x4 +... 
25. atr t t. 26. oateaetoeate 
27. watmutpet 28. a atte 

29. ro. 30. Pan 31. 5 “ae zn, 


32. Explain why D’Alembert’s test cannot be stated thus: A series of positive 
terms is convergent if the ratio of each term to the preceding is less than unity. 


Exx. 33-37 refer to series of positive terms. 


A Unir ~ Uni . 
33. If Lu, is convergent and ee for n>m, then Lv, is convergent. 
n n 


34. If Lu, is divergent and “Rh > a , then Žv, is divergent. 
n n 
35. If Xu, is convergent, so is Xu,?. 
[After a certain stage u,<1, for u,>0; .. Up? <Upp] 
36. If Lu, is convergent, so is Lu,/(1+4u,). 
37. If Xu,” is convergent, so is Lu,/n. [For u/n <$ (up? + 1/n?).] 


Find the sum to infinity of the series in Exx. 38-41. 


l 1 ] ] 1 1 
38. itas Tta Tot S9 ataga e 
2 3 4 l 2 3 
W. ia stag etz omte 4b iata. 6.0t5 Tite 
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TERMS ALTERNATELY POSITIVE AND NEGATIVE 


14. Theorem. The series u,—Ug+Ug—..., in which the terms are 
alternately positive and negative, is convergent if each term is numerically less 
than the preceding and lim up=0. 


Proof. We have 


Son = (Uy — Ug) + (ty — Uy) +... + (Usny — Ugn) eeeereseessses (A) 
and this can be written in the form 
Son = Uy — (Mo — Ug) — (thy — Ug) — one E (B) 
Now Uj- Uz Us— U3, Uy — Uy, -~ are all positive, for 


s ~~ ~ 
Uy => Uy > Us > e.. à 


From (A) it therefore follows that sə„ 1s positive and increases with n, 
and from (B) it is seen that s,, 1s always less than the fixed number wy. 

Hence, s,, tends to a limit which is less than u, (XV, 3). 

Again, Son 41 = Son + Meng, and lim Uang =0 ; therefore Sən}, tends to the 
same limit as sy,,. 

The series is therefore convergent, its sum is positive and less than 4. 


Ex. 1, Show that the series 1-5 +5-4+4... is convergent. 
Here the terms are alternately positive and negative, each term is numerically less 
than the preceding and lim l/n= 0; hence the series is convergent. 


SERIES WITH TERMS EITHER POSITIVE OR NEGATIVE 


15. Absolutely Convergent Series. The series Lu,, containing 
positive and negative terms, is said to be absolutely convergent if the series 
2'| u, | is convergent. 

If Lu, is convergent and Z| u,| divergent, then Xu, is said to be 
conditionally convergent or semr-convergent. 

Thus the series 1-$+4-— $+... is absolutely convergent, because the 
series 144413414... is convergent. But, 1—}+}-—14... is condition- 
ally convergent, for it is convergent and 1+3+ 3+4+... is divergent. 


Theorem. An absolutely convergent series is convergent. 

Let 2u,, be absolutely convergent; then by definition Z| u,| is con- 
vergent. x 

Now U, +| Un|=2u, or 0, according as u, is positive or negative. 

Therefore every term of the series 2 (u,+|u,|) is 220 and is = the 
corresponding term of the convergent series 2'2| u,, |. 

Hence 2(u, +|u,|) is convergent and consequently, by Art. 4, Du, is 
convergent. 
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Nore. Ifthe reader fails to seo the point in the statement of this theorem, he should 
note that, if we say that Zu, is absolutely convergent, we assert the convergence of 
another series, 2 | up|, and not that of Lu, itself. 

From Arts. 11 and 12, it follows that the scrics Xu, ts absolutely convergent if, after a 
certain stage, 7 | 1 
-PAi zk orif |u|” <k, 


Un 


where kis a fixed positive number less than unity. 


16. General Condition for Convergence. Since s, is a function 
of the positive integral variable n, by Ch. XV, 6, (B), the necessary and 
sufficient condition for the convergence of Lu, rs as follows : 


Corresponding to any positive number e that we may choose, however small, 

ut must be possible to find m so that, if nem, for every positive integer p, 
| Snip Sn | <E, 

that is, | Rnp| =| Unyi tunga +- + Una pl <E. 

Thus if Su, 1s convergent and p is any integer, 

Rin = Uni t Unt. tUngp oO aS NO ase (A) 

and in particular u,-~-0. 

But the condition (A) is not sufficient to ensure the convergence of Lu,, 
unless p is allowed to tend to œ in any way whatever. 


Ex. 1. Apply the gencral condition to the sertes 


Tar: Er 
2 3 n 
l l l p 
Here Fn, p=- tte t n M> a ‘ 
l n+l n+2 n+p” n+p 


For any fixed valuc of p, p/(n-+ p)>Oasn>o. But if p=n*, then p/(n+p)—>l; 
hence, Rn, p cannot tend to zero, and so the series is not convergent. 


17. Pringsheim’s Theorem. If Zu, is a convergent series of posi- 
tive decreasing terms, then nu,-—>9. 
For if p is any positive integer 
Pump SUm+1 tUmsg ter tUm >O as m>. 


Let p =m, therefore mug,—>0 and 2mtty,—>0; 1.€. NUn —>0, when n =2m. 
Let p=m+1, therefore (m+1)uUg,_4;->0; and 


(2m +1)Uom =2(M + 1) ami. — ugm > 0; Le. nup >0, when n=2m+1. 


This proves the theorem, whether n is odd or even. 
: Eon 
Ex. 1. Use this theorem to show that the series a ts divergent. 


l l 
Hero nu =n: -=1, and doos not tend to zero. Hence £ a cannot be convergent ; 
n 


and, since it is a series of positive terms, it must be divergent. 
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18. Introduction and Removal of Brackets. Let the terms 
of Lu, be arranged in groups without altering their order. Denote the 
sum of the terms of the nth group by »,, then 


1) If Lu, ts convergent, so also is Lv,, and these series have the same 
sum. 
For let Sn = Uy tUgt...+U,, Ep =V Vat... +p. 
Then for any value of n we can find m so that either 
S,=t, OF 8, =byt+(UmiztUmset---Umay)s 
where the terms in the bracket are included in the group 2,, 44. 
If du, is convergent, 
Rap = Uny Ungo +. -Unip oO as n->o, 
also M—>eo as n->@w, therefore s, —t,,—>0. 


Hence Zv, converges to the same sum as Zup. 


2) If Zv, ts convergent, Lu, 18 not necessarily so. 
For, given that Žv, is convergent, we cannot conclude that Ra, ,>0 
for all values of p. 


(3) Denote | u, | by u,’, and suppose that the terms of Su,’ are grouped 
as in § (1). Let v,’ be the sum of the terms of the nth group. Then, if 
Lv, 18 convergent, so also is up (Art. 5); and, as n—> oo, 

| Rap l=] Unt Unat- $Ungp | SU ng + Unat- tUngp—> 0. 


Therefore, as in § (1), Zu, converges to the same sum as Xup. 


19. Rearrangement of Terms. The followmg example shows 
that a rearrangement of the terms of a semi-convergent series may alter its 
sum. and a rearrangement of the signs may change the series into one 
which is divergent. 


Ex. 1. Let's be the sum of the semi-convergent serves 


With regard to the series 
tf tf J l l l i 1 1 I 1 
ae ee aa S E E e ee Bt ta 
5774376 8*5 (2 j P (©) 
obtained by rearranging the terms and the signs of (A) respectively, prove that (B) is con- 


vergent with a sum 48 and (C) is divergent. 


: ie l 
(i) ets 2) ree Se . to n terms, on=1-5-7+5 -575+ ton terms: 


then Oin Ene 1. ar ő -3)+ H3- 5 i607 = . to x terms, 


SUM ALTERED BY 


that is, om=(5~4)*(g-)*(- 
/ \ 

l 

3 


G limos =; lim sn =5 Also 


Hence, the second series converges and 


vi 1 1 1 td 1I 
(ii) Let ta=l +373 tit g 
1 1 1 111 
ome tn>(3 43-3) (tea) 
1 l 
f ton >3(1+5- 


1 
Now the series 1 + ; Ta is divergent ; 


tense all tend to œ. Hence the series (C) is 


Theorem, Zf the terms of an absolu 
the sertes remains convergent and its sur 


Denote the new series by 2'v,, so the 
We have up +| un | =2u, or 0, accor 
And since 2|u,| is a convergent se 
Z (un+| unl), for its terms are < the c 
Let 2'|u,|=s and L(u,+|u,|)= 
X'|u,| and X(u,+|u,_|) are series o 
unaltered by any rearrangement of tern 


Z| vy,|=s, Elon onl) =s, 


Ex. 1. Find a range of values of x for which 
1 +(x - z?) + (a ~ z?}? - 
can be arranged as a convergent series of ascendi 
Expanding the terms of (A) and removing b 
] +r- z? +r? 2r? + x4 
Now, if |z-z?|<1, the series (A) is cor 
justify either the removal of brackets or a derai 
However, by Arts. 15, 18 (1), 19, each of these 
convergent; and, by Art. 5, this will be the casc 
1 +(x’ +2") + (2/4 
where a’=|2|, is convergent; that is, if x’ + 
x’ <h(N5- 1), or — 4 (5 - 

which is the required range. 


Notre. What has been said does not preclude 
can be made over a wider range. 


Z 
7 ERROR 2 


sarching for the sum of an infinite 
sontent with an approximate value. 


and its sum, denoted by R, is called 
‘ries (A). Thus we have 
nt Ry, 
1 approximate value of s. It should be 
S. 
er limit to the numerical value of the 
o find a number which | R,| cannot 
t series 
t...+(-1)"u,4+..., 
ive terms. Here 
tt T Unde T Ung — e 
rackets is positive and less than u, , 
Hence the error in taking s, as an 
ly less than up, 
ror in taking z- z?/2 as the sum of the 
əss than 2x?/3. 
n which all the terms are positive or in 
erms are all of the same sign. This is 
n often proceed as follows. 


a ee ee 
Suey aa where O<x<l. The series is 


n+. i 2 ntl 
yyl +r +r Pena a 


1e of s is numerically less than z"+!/(n +1)(1 - 2). 


zence or Divergence. For a con- 
lue of R, for a given value of n, the more 


ge. 
alue of r, the more rapid is the convergence 


a 
/4? +... is convergent, but in order to find 


mals, at least 1000 terms must be taken 
fore say that the series converges slowly. 


Si SERIES OF 


Next, consider the series 1+4 +. 
of a million terms is less than 20 (se 
therefore said to diverge slowly. In prac. 
the reckoning so that we have to deal w' 
For instance, the series, s=1—}- 
By grouping the terms, we find `` 


l 1 1 
a=(1-5)+(5-j)+ 
This series converges more rapidly 
find that s=2[4+4(4)?+4(4)5+. 
rapidly than a geometrical series * 


22. Series of Complex ` 
that the series £z, and Ly, ¢ 
Sm Tn, Tn be the sums to n ter. 
Ch. XV, 10, lim s,=In 


and we say that 2z, converges t 
Thus 22, ts convergent if Lx, a 


(2) By Ch. XV, 11, the neces: 
of 22, 18 as follows: Corres: 
at must be possible to find 


| Snip Sn | <e, tha 


(3) Definition of A 
terms and 2) z, | 1s 

As for real ser 
convergent. 

For | z,|=./' 
then 2] z, | isc 

Consequently 


(4) It is impo. 
LL, ANd LYn, an 
The first part c 


Hence if 2'| x, | 


(5) The theorems c 
of brackets and the < 
complex series. Thi: 


- FOR SERIES 
„ ts complex, the series 
ee a ee 
and when convergent, its sum is 1/(1 —2). 
+2" = (1 —2")/(1 —2). 
"if | z|>1, z” does not converge to 
J, (3), 289-0 and s,—->1/(1—2), 
s sum is 1/(1—2). 
re O<r<l, we have 
s 20 + ı sin 28) +... to œ 


-r cos Ô + ır sin 6 
-2r cos 0 +r? 


PORES l-r cos 0 
Tre 7 Or cos O47?’ 
B r sin 6 
~ 1-27 cos 6472" 
that these results are also true 
tet |. 


then u,—>0. 


. then we can find 
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Now the series = + os + -e +... is divergent, therefore 
m+l m+2 


UmU > and u,>0. 


25. The Binomial Series. For any given value of n, the series 
lng” Or) p24. MD —2)... arth) 
|2 ia 
is called the Binomial Series. When n is a positive integer, the series ter- 
minates and its sum is (1 +x)”. In all other cases, it is an infinite series, 
which we denote by Ug + Uy t+ Ug t+... +Upt.... 


xu + 


(1) Ultimate Signs of the Terms. From the beginning, or after a certain 
stage, the terms are alternately positive and negative, or they all have the 
same sign according as x Z0. 

For Ups 4/Up=(n — 1) a/(r +1). 

Hence if m is the least of the numbers 0, 1, 2, ... which is greater than n, 
the terms Um, Um41s Um+2 --- are alternately positive and negative, or all 
have the same sign according as 2 ™ 0. 

(2) Convergence, etc. We shall prove that the series 1s absolutely con- 
vergent if |x|<1,; and when x=1, the series converges if n> —1, oscillates 
finitely if n= -1 and oscillates infinitely if n< -1. 


Proof. Denote the series by ug+u,+Ug+..., then 


u n-r : 
tH gg, as r->% ; therefore lim 
u, rt! koa 


4) =| 
2 


and the series is absolutely convergent if |z|<1. 
Next let x=1. If r>n, u,,, and u, have opposite signs, so that, after a 
certain stage, the terms are alternately positive and negative. Also 


Uy 


ott a14% where a „=+ (1-2). 
ren r 


Ura 


(i) If n>-1, as r>o, a,>n+1>0. Hence, by Art. 24, u,—>0. 
Also | u,4,;|<|u,|. Hence, by Art. 14, the series is convergent. 


(ii) If n= —1 the series is 1-1+1-—1+... and oscillates finitely. 
(iii) If n< -1, let n+1= -m so that m>0, then 


| u,|=(1+m)(1+ a) 4 m) stam(1+5 +. +2). 


Hence | u,|—>o and the series oscillates infinitely. 
The case in which x= —1 is considered in Ch. XX, 6. 
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EXERCISE XXVII 
RANGE OF CONVERGENCE 
Show that the series in Exx. 1-5 are convergent. 


111 1 1 1 


l. lesot a 2. l-jty jte 

l 1 1l ] 1 1.3 1.3.65 
. — -— tt eee et .. 4. ]-~+—— - -+ 
tol an aes ata” 2"2.4 2.4.6" 

l1 1 1 1 1 
5 l+ gtg g pT 
: x x g . , 

6. Prove that the series — - —-. + -—. —... is convergent if 0<x<1. 


l+x l+2? 142° 


T. Show that the series 1+2+27/|2+23/|3+... is convergent for all values 
of x, real or complex. 


1 1 I l l l : ; , 
8. Show that A ag o a S ed +... is a divergent series. 


9. Show that the series 
an 3 A “5 (5) (n+ 1l)(n+3)(n +5)... (3n - 3) (57 
e 9 | el 9 F 
is M if p? <4/27. 
[Consider separately the sum of the odd and the sum of the even terms.] 


10. (i) Find a range of values of x for which the series 
1+ ($x - a?) + (fax) + 
is convergent. 


(ii) Find a range for which the series can be arranged as a convergent series of 
ascending powers of zx. 


11. If0<zx < 0-4, show that the series 
1 + (2x cos 6 — x?) + (2x cos 6 ~ x?)? +... 


can be arranged as a convergent series of ascending powers of x. 
[It is enough to show that with the given condition | 2z cos @|+2?<1.] 


12. Let the terms of Su, be arranged in groups, without altering their order, 
and denote the sum of the terms of the nth group by »,, 

Given that Žv, is convergent, prove that Xu, converges to the same sum as 
Žv, in the following cases : 


(i) If the number of terms in every bracket is finite and u,,—>0. 
(ii) If all the terms in each bracket have the same sign. 


[See Art. 18. In case (i), Ra, ,—>0. In case (ii), v,—>0; hence, every term in 
v,, tends to zero, and case (i) applies. ] 
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13, Show that the series 1+2+2?+... is absolutely convergent when 
z=1/(1+2), and find its sum. 
int eee 
14, If z, =—-—-- tab show that 2z, is convergent, but not absolutely con- 
vergent. $ 


Prove the results in Exx. 15-17, where R,„ is the remainder after n terms in 
the given series. 


: l l I n+l 
15. For the series ae Hg N Ba << 
. go w g’ an l 
16. For the series “an~ ; aS provided that 0<zx<1. 
x a n 
17. For the series be u z aie Aye aa eae provided that 
O<a<n+1. [2 2 ee |n n+l-z 
Prove the results stated in Exx. 18-23: 
on l ] on-l 
18. 7a pe oF 19. a, n Sl 
l 2 4 l 
20. If |z|>l, fie foe ioe to œ ron 
Hb x g’ x l 
21. fo tee ee to œ Tee qe , according as | x|=1]. 
22. If b—1l>a>0, then 
a a(at+l) a(a+1)(a+2) _ b-l 
bbb el) o DO Boa: 
23. If b—-2>a>0, then 
a 9 Wat) ala +l)(a +2), oon = ab-l) č 
b b(b+1) = b(b+1)(6+2)  (b-a-1)(b-a-2)' 


24. Show that the sum to n terms of the series 
cos 0 + cos 20 + cos 364+... 
is {sin (n +40) cosec 36 — 1}. 
Hence show that the series oscillates finitely except when ô is an even multiple 
of z, in which case the series diverges. 


[2 cos rô sin sin (7 +36) —sin (r — 30).] 


25. Show that the series 2’ sin n0 oscillates finitely except when 6 is a multiple 
of z, in which case it converges to zero. 


26. Show that the series z+ $2?+425+... is convergent, but not absolutely 


mT . T 
convergent, when z=cos--+esin-. Illustrate the slowness of the convergence 


4 4 
by plotting. the points s,, S2, ... 8, on an Argand diagram. 


CHAPTER XVII 
CONTINUOUS VARIABLE 


1. Definitions. We say that z varies continuously from a to b when 
it passes once through all rea] values between a and b. Under these cir- 
cumstances z is called a continuous real variable. 

Limit of f(x). Consider the function f(x)={(1 +x) —1}/z. 

When z=0, f(z) has no definite value, for it then takes the form 0/0. 
In other words the function f(x) is undefined for the value zero of x. For 
every value of x except zero, we have f(x)= (3x + 3x? +z3)/r =3 +3 +2. 

Thus, if x is nearly equal to zero, f(x) is nearly equal to 3: further, by 
making x small enough, we can make the difference between f(x) and 3 as 
small as we please. This is roughly what is meant by saying that 3 is the 
limit of f(x) as x tends to zero. : 

The matter may be put precisely as follows: Choose any positive 
number e, no matter how small. If |z|<1, then 


| f(z) -3| =| 8042? |<4| z], 
therefore | f(z) -3|<e provided that |az|<{4e. 


Thus, as x tends to zero, | f(x)-3| becomes and remains less than any 
positive number e that we may choose, no matter how small. This is precisely 
what is meant by saying that 3 is the limit of f(x) as x tends to zero. 

It should be observed that f(z) never attains the value 3. The usual 
definitions are as follows : 


(1) If, corresponding to any positive number e which we may choose, no 
maiter how small, there exists a number 7 such that 
| f(x) -l|<e provided only that |x-a|<n, 
where l and a are fixed numbers, then l is called the limit of f(x) as x tends 
to a. 
This is expressed by writing lim f(z) =l. 
ta 


Or we may say that f(x)—>l as x->a, where it is understood that x 
may approach a from either side, i.e. x may tend to a+0 or a—O. 

Observe that nothing is said as to the value of f(z) when x=a. Such a 
value may or may not exist. In any case, we are not concerned with it. 
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(2) If, corresponding to any positive number e, no matter how small, there 
exists a positive number N such that 
| f(x)-l|<e, provided only that x>N, 


where lis a fixed number, then l is called the limit of f(x) as x tends to infinity. 
This is expressed by writing lim f(r)=l or f(z)>l as z>o. 
w> W 


(3) If to any positive number M, no matter how great, there corresponds 
a positive number N such that 
f(z)>M, provided only that x>QN, 


we say that f(x) tends to infinity with x, and we write f(z) as r— œ 


or (less correctly) lim f(z)=o. 
X—> © 


The reader should be able to frame for himself corresponding definitions 
for the meaning of ‘ f(x) tends to minus infinity as z> œ .’ 


2. Fundamental Theorems. Let u, v be functions of x which 
tend to the limits l, l’ as x tends to a or as x tends to infinity, then 


(i) lim (w+) =l+U', (ii) Lm(w—v)=1-7, (ii) lim wv =U’, 
(iv) lim 1/u=1/} unless l=0, (v) hmu/v=l/l’ unless l =0. 
Apart from some verbal changes which the reader can easily make for 
himself, the proofs are the same as those in Ch. XV, 2. 


3. Two Theorems on Polynomials. What is said in this article 
holds good, no matter whether the variable x and the coefficients are real 
or complex. 

Let f(z) =a) +a +a? +... +0,2”, then 


(1) If e is any positive number, no matter how small, we can find a positive 
number y so that 


| f(£)—ao| <e provided only that |x|<y. 

Proof. For shortness, let |x|=z' and let k be the greatest of the 
numbers laj, [@el,.-->| an]; 
then | f(%) -— a9 |<] a, |x’ +| a] T+... +] an| £” 

<ka'(1+a' +a2'274+...4+2'"\<kaz'/(1—z’). 
Ifa’<1, then kz’/(1—2’)<e, provided that 
kaz'<e(1l—2’), thatisif 2’<e/(k+e). 
Therefore | f(z) -ag|<e, if |a| <ef(K+e); 


and so e/(k +e) is a suitable value of 7. 
S B.C.A. 
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(2) If M is a positive number, no matter how great, we can find a positive 
number m so that 


| f(x) |>M, provided only that |x| >m. 


The letters having the same meaning as in (1), we have 


| f(z) |=2"". 


l 1 
Antani’ z T an-' ae + 9° on 


, 1 ] l 
Sgr”. flan] ~|Ona tün- zate tao ra 


| 
f- 


Choose any number e between 0 and |a,,|. Then by the last theorem 


An’ yt n-a at .. $A <E 
if ee that is if a> Ate, 
For such values of z we have | f(x)|>a’"{|a,,| —e}. 
In particular, put «=4| anl, A 
Hodala i gs eb. 


| an| 


Hence if m is the greater of the two numbers 


"/2M g Ætlan] 
at e Ta 
then f(x)>M if |æ|>m. 
From Theorem (1) at follows that lim f(x) = 
z—) 


Again, if s=y+a, then y—>0 as x—>a and f(a) is the term independent 
of y in the polynomial f(y+a). Hence 


lim f(2)= lim fly+a)=f(a) 


Ex.l. If f(x n=. = find lim f(x); (i) as x->0, (ii) a8 x> œ, (iii) as ~—> 1. 


TE x 
(i) lim f _ im(2z" +g -3) _-3_83 


~ lim(3z? +2z-5) -5 5' 
(ii) Let x= l/y, then y—> 0 as r— œ and 
X i 2_y — 
lim f(z) = lim 3y? -y -2 lim(3y?-y-2) 2 


pare 0o by? -2Qy-3 lim (5y?-2y-3) 3 
(iii) Let x=1 +y, then m as 2—> 1 and 


2y? +5y __  — 2y+5 5 
lim f(x) = r — lim 
ae 0 8y7+8y y+ 3y+8 8° 


ge reader must understand that this is not a roundabout way of saying that f(z) =a g when 
z=0. 
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4. Continuous and Discontinuous Functions. We confine 
ourselves to one-valued functions of the real variable z. 

We may say that f(z) is a continuous function of xin the interval (a, b) 
if the curve whose equation is y=f(x) is continuous between the points 
where z=a and z=b. 

This supposes that we know what is meant by a ‘ continuous curve.’ 
A representation of the curve in Fig. 44 can be drawn without allowing 
the pencil to leave the paper, and we say that it is continuous. In Fig. 45, 
the curve cannot be so drawn near the points where r=z, and r=, and 
we say that the curve is discontinuous at these points. 


~O mœ a e m o a a Be @e ee we eT Ge aan we 


Fig. 44. Fig. 45. 


We choose the following as the distinctive feature of a continuous 
curve: As the point P (x, y) passes along the curve, any small change in the 
value of x is accompanied by a small change (or by no change at all) in the 
value of y. 

(This is true everywhere in Fig. 44, but is not true near the points where 
e=2x, and z=, in Fig. 45.) 

More precisely thus: let P (x, Yo) be any point on the curve and 
P(x, y) any other point on it on either side of P). Choose a positive number 
e, no matter how small. Then if | y—y)|<e for all sufficiently small 
values of | z—2 |, the curve is said to be continuous at P}. 

Further, we say that a curve is continuous if it is continuous at every 
point on it. 

Thus the curve AB is continuous in Fig. 44, but in Fig. 45 it is discon- 
tinuous at the points where x=, and z= z3. 


Definitions. (1) The single-valued function f(x) is continuous at r=2p 
(or at the point zo, or for xo), if for any positive number e that we may 
choose, however small, a number ņ exists such that | f(x) —f(2»)|<e, 
provided that |x—x|<». 

This is equivalent to the following : f(x) is continuous at £o if f (2) —> f (Xp) 
a8 L->Zy, where x may tend to xq either from the left or from the right. 
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It is important that the student should fully realise all that is implied in 
the definition just given. If f(z) is continuous at 2, then 


(1) f(x) has a single definite value when r=, ; 


(ii) if A tends to zero through positive values, then f(z) +h)— a finite 
number L, and f(x —A), a finite number L, ; 
(111) and we must have L, =f (£o) = La 


Ex.1. A simple case, in which f(z), Z,, Lẹ all exist, but are not all equal, is 
given by Goursat. 
7 4, @ z2 
f(x) = BF + lent Feet (4a 
zero, and so f(x)=0; but, for all values of x except zero, f(x)=1+2%. 
Thus, f(0)=0, and lim f(x)=l1, so that f(x) is discontinuous at x=0. 
x — 0 


+... to œ, then, when x=0, every term of f(x) is 


(2) The function f(x) is continuous in any interval if it is continuous at 
every point of the interval. 

If the interval (a, b) is closed (a<b), so that the end points are included, 
f(x) is continuous at a if f(x)->f(a) as x->a+0 and at b of f(x)—>f(b) 
as x—b-—0. 


Fira. 45. 


Types of Discontinuities. (i) In Fig. 45 let y,, y,’ be the ordinates of 
C, C’, then yy, as x->2, from the left, i.e. as c>x,-0 and y> yy 
as z—>x; from the right, i.e. as z—>x,+0. This is expressed by writing 

lim y=y, and lm y=y 
t—>2,—0 Z->2,+0 

(ii) At the point where x=z, in Fig. 45, it is supposed that y is infinite. 
Thus y is a discontinuous function of x at x=2,, and at =z, For 
example, 1/z and l/r? are discontinuous at +=0. 


(iii) It may happen that f(x) has real values only on one side of the 
point =». In such a case the curve y=f(x) stops abruptly and f(z) is 
discontinuous at Zp. 

Taking (as usual) ./x to denote the positive square root of the number 


oe : ; 
x, we see that vzọ-—x is discontinuous at 2p. 


FUNCTION OF A FUNCTION 271 


5. Theorems on Continuous Functions. 

(1) It follows from the definition that if f(x) and $(x) are continuous at 
T= £p, so also are the sum, difference and product of these functions. 

The same is true for the quotient f(x)/p(x), except when (z) =0. 


(2) Function of a Function. If y=¢d(u) where u=f(x), then y is 
called a function of a function of x, and is denoted by ¢${f(z)}. 


Theorem. If f(x) tends to a finite limit las x—>a, and (zx) ts con- 
tinuous at x=l, then lim ¢{f(z)}=¢df{lim f(z)}. 


For if lim f(z)=1, then f(z)=l+7, where ņn—>0 as x—>a; also (2) 
is continuous at 2=I, therefore 


lim ${f(2)}=lim $+) == glim fo). 


6. Continuity of Rational Functions. If f(z) is a polynomial, 
then, by Art. 3, lim f(z)=f(a@), where a is any real number. 


Therefore the polynomial is continuous for all values of zx. 

Hence also any rational function of x (i.e. a polynomial or the quotient of 
two polynomials) is continuous for all values of x except for such as make 
the denominator vanish. 


7. The Function x”. If n is rational, x" is continuous for all 
values of x for which x" has definite real values. 

(i) Suppose that x>0O. If xis any positive number, we can choose a, b 
so that 0<a<a2)<b. 

Let x be any number other than z in the interval (a, b); then by 
Ch. XIV, 10, z” -x lies between na"—!(x—2,) and nay"-! (x — zo). 

Now both 2"-! and z,”"-! lie between a”-! and b*-1, hence if k is the 
greater of the last two numbers, | 2"—a,"|<k.|n|.[ xa |. 

If then € is any assigned positive number, however small, 

|2"—a,"|<e, provided that |2-2,| <ETal : 

Hence 2” is continuous at z = zg. 

(i) If r<0, let x= ~y, so that x” =( -— 1)”y” where it is supposed that 
x” has a real value. Now y” is continuous for positive values of y, therefore 
x” is continuous for negative values of z. 


(11) At the point x=0. If n is positive, lima"=0. If n is negative, 
z->0 l 


z”—>æœ or to -œ , according as x—>+0 or to —0. Hence x" is con- 
tinuous at z=0 for positive, but not for negative values of n. 
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8. Fundamental Theorems. (1) If f(x) is continuous at x=a 
and f(a)=40, then f(z) has the same sign as f(a) for all values of x in 
the neighbourhood of a; that is to say, if a—n<u<a+n where q is 
arbitrarily small. 

For since f(@)=40, we can choose e so that f(a)—-e and f(a)+e have 
the same sign as f(a): and since f(x) is continuous at x=a, we can find 
7 80 that 

f(a) -e<f(x)<f(a)+e, provided that |x-a|<7. 


For such values of x, f(z) has the same sign as f(a). 


(2) If f(x) is continuous for the range axa<b, then as x passes from 
the value a to the value b, f(x) assumes at least once every value between f(a) 
and f(b). 

From the graphical point of view the truth of this statement is 
obvious. 

Let A, B be the points on the curve y=f(x) whose abscissae are a and 
b, and let k be any number between f(a) and f(b). 


We assume that any straight line which passes between the points A, B 
cuts the curve at least once. 

It follows that the line y=k cuts the curve at least once. Hence as x 
varies from a to b, f(z) takes the value & at least once. 


E 


Fia. 46. 


Proof. Suppose that a<b and f(a)< f(b). Let k be any number be- 
tween f(a) and f(b). Because f(x) is continuous at x=a and f(a)<k, 
there are values of {x in the interval (a,b) for which f(z)<k: and 
because f(x) is continuous at z=b and f(b)>k, there are. values of x in 
(a, b) for which f(x)>k. 
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Divide the real numbers in the interval (a, b) into two classes as follows : 

The lower class A is to contain every number x such that f(€)<k where 
€ is any number in the range a<&<z. 

The upper class A’ is to contain every number z’ not included in A. 

(Thus in Fig. 46, class A consists of the range (a<x<zx). The range 
(z,;<a'<2_) belongs to class A’, for although f(z’)<k, yet f(€)>k for 
some values of £ in the range a<€<2’.) 

It has been shown that both classes exist. 

Also every number in the interval (a, b) is included, and every v is less 
than any z’. 

Therefore the classification defines a real number. £ọ, which is either the 
greatest number in A or the least number in 4’. 

It remains to prove that f(z,)) =k. 

If f(%9) -k<0, by reason of the continuity of f(z) at z 9, we can find 
e so that f(x)-k<0 if r,-exa<ajte. Thus f(€)<k when <a2p+e. 
Hence z +€ belongs to class A, which is impossible, as it is greater than Zp. 

If f(z9) -k>0, we can find e so that f(z)-k>0 if zy-exXr<ayte. 
Thus z)—e€ belongs to class A’, which is impossible, for it is less than z. 

Hence it follows that f(z))=%. It is easy to modify the proof to suit the 
case when f(a)> f(b). 


Note. If f(x)=k for more than one valuo of v in the interval (a, b), then x, deter- 
mined as above, is the least of these values. 


9. Derivatives. If f(z) is a function of x such that 


(f(a +h) —f(a)}/h 
tends to a limit as Å tends to zero, this limit is called the derivative of f(z), 
and is denoted by f'(x). Thus f'(x) is defined by the equation 
f'(@) =lim E+) a | 
h0 

The function f'(x) is also called the differential coefficient of f(z). 

It is possible that for some values of z, this limit does not exist. If zp is 
such a value, f(x) has no derivative at r=2X9. This rs certainly the case when 
f(x) is discontinuous at x=Zp. For in order that { f(x) +h) —f(r9)}/h may 
tend to a limit as h->0, f(z) +) must tend to f(z»). 


Ex. 1. If f(z)=2", where n is a positive integer, prove that f'(x) =na"-1, 


N _ ot 
We have f’(x)= lim al 
h->0 


= lim | ne" Pade ham—a +... +0 nat 
h—>0 |2 
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10. Tangent to a Curve. Let P be any point on a curve and let 
Q be a point which is supposed to move along the curve, so as to approach 
P from either side. It is supposed that the curve 
is continuous near P, so that Q may be as near 
to P as we like. 

If a straight line T’PT exists such that, as Q 
approaches P from either side, the angle which 
PQ makes with T’PT becomes and (as Q con- 
tinues to approach P) remains less than any angle 
we may choose, however small, then 7’PT is called Fia. 47. 
the tangent to the curve at P. 


This is sometimes expressed by saying that the tangent to a curve 
at P is the limiting position of the chord PQ as Q tends to coincidence 
with P. 

Notice that (i) Q ts not supposed to reach P, for if Q were to coincide with 
P, PQ would cease to be a chord. 


(1) The curve in Fig. 48 is supposed to represent the path of a ball which 
is thrown from A, strikes the ground at B and proceeds to C. Just as the 
ball hits the ground, it is moving in the direction TB and, just after, in the 
direction BT’. We may, if we choose, say that the curve has two tangents 
at B, namely BT and BT’. Strictly speaking, according to the definition, 
the curve has no tangent at B. 

This is an instance of a continuous curve which has no definite tangent 
at one point. 


T 


B 
Fia. 48. Fig. 49. 


11. Gradient of Tangent. Let (z, y) be the coordinates of a point 
P on the curve whose equation is y=f(x). We shall suppose that the 
curve has a definite tangent PT at P, and that this tangent is not parallel 
to the y-axis, as in Fig. 49. 

Let Q be the point on the curve whose coordinates are (x +h, y+ k). 
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Draw the ordinates PN, QM, and draw PR parallel to OX to meet QM in 
R. Then PR=0M -ON =(r+h)-2=h, 
RQ=MQ-NP=(y+k)-y=k, 


and since P and @ are on the curve, we have 


y=flz) and ytk=f(a+h); <. k=f(æ+h)-f(2) 


' gradient of chord PQ = : _f (x + ea )—f (2) 


Now, as Q tends to coincidence with P, A tends to the limiting position 

PT and h tends to zero ; 
*, gradient of PT = w e h-I) =f'(x 
h— 0 

Hence f'(x) is the gradient of the tangent to A curve y=f(x) at the point 
(x, y). 

If PT is nearly parallel to OY, f'(x) will be large, and if P tends to 
coincide with a point where the tangent is parallel to the y-axis, we may 
expect that f'(x) will tend to infinity. 


Ex.1. Find the equation of the tangent to the curve, whose equation is y =2, at the 
point whose abscissa is a. 

If f(x) =23, we have f’(x)=32"; .°. the gradient of the tangent at the point. (a, a?) 
is 3a’, and the equation to the tangent is 


y—-a=3e2(2-a) or y=d3a*x - 2a’. 


12. Notation of the Differential Calculus. In the differential 
calculus the derivative of f(x) is given a different name and a different 
notation is used. 

Any number nearly equal to x is denoted 
by x+06z; and, if y=f(x), the value of y cor- 
responding to x+6z is denoted by y+dy; 
thus we have 


oy 
T (x) Ea Se Fic. 50. 


This limit is denoted by 2 and is called the differential coefficient of y 


(with regard to x). In finding dy we are said to differentiate y with regard 


° dz 
to x, and the process is called differentiation. 
.. a(x). d d 
We often write - dg 3B the form Ty f(x), where F denotes the operation 
af 


of differentiating f(x): it is also written shortly as Jz’ 
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13. Rules of Differentiation. 
(1) If u, v are functions of z, then 


du dw du dv 
op- (ene dz uer F n= dz dx’ 
is dv du 1 1 du 
(m) OER (i vi PETA 


vzel E) 


It is assumed that i and 2 have definite values, also that in (iv) w40 
dx dz 
and in (v) v0. 
Proof. Let u, dv, 5(uwv), etc., be the increments in u, v, uv, etc., cor- 


responding to an increment dz in z. 


Because of - are not infinite, ôu and dv tend to zero as 6z->0. 


(i) and (ii). These are left to the student. 
(111) 5 (uv) = (u + du) (v + òv) —uv =u ðv + (v+ dv) du ; 


>d ; dv ou 
i Ta) =lim (u a +lim (v + ôv) = 


ÒT 
. W . ôu 
=u lim > + lim (v + òv) lim — 
E ia 
~ de dz 
; 1 1 1 du 
LG ares hare cre 
ôu li du 
Uo a isn ee 
* dzu! u(ut+du)  ulim(u+õu) u? dz’ 


ORADE AG] 


AR l du u dv AC du =) 


ee en eens ge -u =). 
dæ\v/ vde wdx v\ dx dz 
Ex. 1. Find “2 | (i) if yaa} (i) y= ET 
oy _ (8% +1) 2 ~( (2x -1)3 5 
ews gF (z+ (8241/2 


4 4 
2 seme STE m saene 
(ii) y=" +a +t t e aIr 
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Ex. 2. Show that the rules for the differentiation of a product and a quotient can 
be written in the forms 


ee 1 du lw inä iy ldu ldv 
(i p dx u dz vdz qde u dx vdr’ 
where p=uv and q=ufv. 


(iii) Deduce that if 2=(Uyte ... Up)/(VV2 Vm) where Uy, Uz s Vyy Vg 
are functions of x; then 


l dz ræ=n l du, l dv, 
hee -= Se )- Diar S S) 
(i) If p=uv, then L wu: and, if each side is divided by p(=wv), the 
? de dx dx’ : i 


result follows. 
(ii) This follows in a similar manner. 
(iii) Let U =U, g ... Uns, V =v, vq... V then 


ldz l dU 1l dV 
pe E aia me a 


and by repeated application of the rule for a product, 


m °’ 


l dU 1 ldun, l1 A (Ugttg «.. Uy) 
U dx u, dx ` Uptts .. Up, dx 
1 l du 1 1 Cii 1 d (tah, eee weai 3 i) 
“u, dE Uy UL Ugly... Un dx r=i\ u, dx / 
° . l dV s=m l dv, 3 
Similarly Theo Žal = a): and the result follows. 


Ex. 3. Prove that, if y is a function of x, and oy exists, then for all rational 
values of n, 
d nN) —ny”n-1 dy 


I 


Let w=y"; and (i) let n be a positive integer; then w=y.y.y.... y (n factors); 


. ldw ldy ldy 1 dy n dy 
` wde yde yde ` “tyda ae De de 
(ii) Let n= —m, where m is a positive integer; then w=y-™, 
ldw 1 dy™ 
. M E as —— ——— 
. wy™=1 and a dz ym Ja 0. 
ld d 
Hence, by (i), oad i dy =0 pall gt 


w dx ty dx OF wde ydx’ 


Pp 
(iii) Let n=p/q wheré p and q are integers; then w=y% and w =y? =z, say. 


wey 222252224 eee see 
Hence, by (i) or (ii), ee ag aaa and de yds 
Be yg 1 dw n dy | or f 
That is, in all cases on de ; and multiplying each side by w(=y"), 
dw _ d; n,n. Y 
we have m o oe ae 


Norg. It should be carefully observed that there is always a factor a unless y=2. 
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14. Function of a Function. 

(1) If w=f(x) is a single-valued function of x, continuous for axz<b, 
and y=d(u) is a single-valued function of u, continuous for the corre- 
sponding range of values of u, then y is a continuous function of x for axx<b. 

Let x be any value of x in the given range, and up, Yọ the corresponding 
values of u and y. 

Because y = (u) is continuous at ug, for any assigned positive number e, 
we can find a number 7 such that 

ly-Yo|<e, provided that |u—w|<y, 
and because f(x) is continuous at 2, we can find 7’ so that 
|u—uo| <n, and consequently |y-y|<e if |z-ro!< n. 

This proves the theorem. 

(2) If the derivatives f'(x) and ġ' (u) exist for a<a<b and for corresponding 
values of u, and if F(x)=gġ(u)=ġ{f(x)}, then 


ee. a ; . dy dy du 
F’(x)=¢9'(u) .f’ (x), that is, dae da dat 


Let du, dy be the increments u and y corresponding: to an increment dx 
in x, then if 5u=40, 


As 82-0 ou Ta and since aa is finite, du-—>0 


> 8a dz dx 


and therefore oY dy : 
Su du 


Consequently 


dy ,. dy .. 
qn ims lim > = diu Te ER E E eee ee (B) 


It may happen that õu =0 for some value of ôr, and then equation (A) 
does not hold. J 
In this case we must have dy=0, for otherwise 2Y would not be finite : 


du 


hence dY o, Also i for 6u=0. Thus the equation 
ax dx 
dy _ dy du 
dx du da 


is true also in this case. 


dy ; l 
Ex. 1. Find = a (i) when y= (ax +b)”, (ii) when Y= a rbr? . 
dy dy du = = 
(i) Let u =ax +b, then y=u", and da du dz =nu"!1 , a =na (ax +b)". 
dy 1 2br 
(ii) Let u =a +bx?, then y= , and ae =( - - ja) 22 = -a rba" 
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7 dy bx 
Ex. 2. yth, then 7 aay 
We regard y as a function of x, and differentiate both sides of the given equation 
Æ 2y dy 
with regard to z, thus — a da” =0. 


- 15. Derivative of x". If y=a" where n is any rational, then 
dy 


dx 


Proof. If x is positive, x+h is positive for all sufficiently small values 
of h, and by Ch. XIV, 10, (x +h)” — z” lies between nh(x+h)"-* and nha. 
Also x"-! is a continuous function of æ. Therefore 

dy _ lim (z +A)? — 2" = nor, 
dx h—0 h 
If x is negative, let x= —u, then y=(-1)"u" and 
+ = (— 1)", nu. (-l)=nz"!. 


Or,* having proved that the derivative of x” is nx"~! when nis a positive 
integer, we can prove that this is also true when n= p/q as follows. 


Let oe therefore y2 =x?. Now us = gyi} dy 
ATN A iS TS dx 


dy px? p a+ p t-1 
therefore aa =pz?-! and -$ =4 —— =*- =i gf > 
ay" E dx qy q Pa- 9 
T 


16. Meaning of the Sign of f'(x). If f’(x9)>0, then for all values 
of x in the neighbourhood of £o, f(x) = f(£o) according as t = £o. 

For {f(x +h)-—f(£)}/h tends to a positive limit as h—>0. Hence for 
sufficiently small values of h, f(x +h)-—f(z£ọ) has the same sign as h. 

Similarly if f' (£o) <0, for every x in the neighbourhood of xp, 


fle) S fla) as exp. 


Nore. If f’(z)>0 only for the single value x, of x, it does not follow that f(x) 
increases steadily as x increases through 2». 

For if z, <T, <T where z,, z, are in the neighbourhood of 2», it has pnly been proved 
that f(2,)< f(z) and f(2.)<f(z»), and we cannot conclude that f(x,)< f(z). 


17. Complex Functions of a Real Variable x. If y=f(zx) + 1d¢(z), 
then y is called a complex function of x and its derivative is f’ (x) + ud’ (x). 
The rules of Art. 13 obviously hold for such functions. 


*See also Art. 18, Ex. 3. 
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18. Higher Derivatives. If the derivative of f'(x) exists, it is 
called the second derivative or the second differential coefficient of f(z) 
If y=f(x), this is written in any of the forms 


F (2); , 5 (=) fe 


So by n differentiations (when possible) we obtain the nth derivative 
or the nth differential coefficient of f(x), which is written in any of the 
forms 


pay, FY, (Erw 


The. following are important instances. 


(i) If y=2", Y nah, Y n(n pans, 
= I —n(n—-1)(n-2) ... (n—r+1)2"-*. 
(1) I£ = f(x) =agu" + na,x"-1 m AXT? H... + Aps 
then f'(x)=n faor +(n—l)a,a"-? + a A I ga tana} . 
Or, using the notation of Ch. III, 1, if f(a) = (Ap, Ay, Gy, ... An § x, 1)", 
then f(x) = (ap, ,, Gg, ... Gn $2, 1)", 


and by successive differentiation 


f (4) =n(n—1) (ao, ais -.. Goh, 1)"-*, 


f°) (2) =n(n—-1)...3.2. (ax +a), 
f(a) =|n dy 


19. Maximaand Minima. We say that f(x) has a mazimum value 
at Z=2) when f(x))>/f(zx) for all values of x in the neighbourhood of 2p. 
In other words, if a number e exists such that f(z )>/f(z) when 

Ly -EXT<IXy tE, 
then f(z») isa maximum value of f(z). If in the preceding, the sign > is 
replaced by < , then f(z 9) is a minimum value of (fz). 

Maxima and minima values of a function are sometimes called stationary 
or turning values. 

A necessary condition that f(z ) may be a maximum or a minimum 
value of f(x) is that f'(x) = 

This follows from Art. 16; but the condition is not sufficient. 
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If f(z) is a maximum value, then for sufficiently small values of h, 
f(%+h)<f(%»). Hence by Art. 16, as æ increases through zo, the sign of 
f'(x) changes from + to —. 

Suppose now that f” (€o) exists and is not zero. Then since f'(x) de- 
creases as x increases through 2%, f” (£o) must be negative. 

Similarly if f(x) is a minimum value, as x increases through 2p, the 
sign of f'(x) must change from — to +, and if f(z) is not zero, it must 
be positive. 

If the sign of f(x) does not change as x passes through 2», f(x) is neither a 
maximum nora minimum. The casein which f’’(z))=0 will be considered 
later. In this case f(z)) may be a maximum, a minimum or neither of these. 

To illustrate this geometrically, in Fig. 51, the tangents at A, B, C to 
the curve y=f(x) are parallel to OX. 


Frc. 51. Fic. 52. 


The sign of f'(x) for different parts of the curve is as indicated, and 
f(x) has maximum values at 4, C and a minimum value at B. 


Fig. 52 represents the graph of y=x3+1. Here oY ga, so that dY 0 


d dx 


when x=0, but as x passes through O, the sign of = does not change. 


Thus y is neither,a maximum nora minimum when z=0. 


Ex.1. Search for maxima and minima values of 
f (x) =228 — 3x? — 12x +6. 
Here Sf’ (x) =62? -6x —- 12 =6 (x +1) (x — 2). 
Thus f'(z)=0 if x= -1 or 2. 


As x increases through —1, the sign of f'(x) changes from + to —; and as x 
increases through 2, the sign of f'(x) changes from — to +. 
Thus f(—1) is a maximum and f(2) a minimum value. 


Or thus, f(x) =12z -6 =6(2z - 1), 
so that f”(-1)<0 and f’(2)>0, leading to the same results as before. 
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20. Points of Inflexion. In Fig. 53 APB is supposed to be part 
of a curve represented by y=f(x). 

If a point moves along the curve from A to B, the gradient of the tangent 
increases along the arc AP and then decreases. 


Thus dy has a maximum value at P, 


dx 


2 
and therefore dY o at P. 
dr? 


If Q is a point on the curve near P, 
the secant QP cuts the curve at another 
point Q’ near P, and we may regard the 
tangent TPT’ as the limiting position of 
the line QPQ', when the three points Q, P, 
and Q’ are very close together. 


Fia. 53. 


ve ., dy. 
Definition. A point (x, y) on a curve at which = is a maximum or a 
minimum is called a point of inflexion. 
beg a 
At such a point, J =0, and the curve crosses the tangent. 


dx 


EXERCISE XXVIII 


Find the limits of the functions in Exx. 1-3 (i) as x tends to zero; (ii) as x 
tends to œ. 


1+2x+32? ` 9 2x? — 3° + 404 3 (1+)? -(1-—2)? 
" 243844422" ` Ba +42? — 5r? ` "(1+2)3 -(1-2)3° 
Find the values of 
4. lim 32? — Tx +4 im z3- r-x-2? Si o ga 
p> 22? -5xr+3` p> W — 322+ 32-20 og X — 2270? +04" 
3 3 — pee 
7. lim (x+h)! -xt 8. lim Ni+z-N1-2 
h-0 h 2—>0 v 


9. Prove that (i) lim cosx=1; (ii) lim Sa 
2—>0 z—>0 T 


10. Prove that sin x and cos x are continuous functions of zx. 
[sin (x +h) -sin x=2 sin $h cos (x + $h).] 


11. For what values of x is tan x discontinuous ? 


d 
— COSX=-—sinz, -— tanz=sec’ gx. 


d 
1 . TA. i =e 
2. Prove that J, Sin t= cosa, Ta 7 


; h) — 3 ae 
a ane (x+3h)->cosz as h-0.] 
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13. If f(x)=(x —a)™(x-—b)", prove that 
f (x) =(x -a)™ 1 (2 -b)i [(m +n) a -mb — na]. 
Hence, if m, n are positive, f'(x) vanishes for a value of x between a and b. 


14. Prove the following : 


dx 
w se | ,2(ntl)...(n+r—1) 
o (Ge) l 


dx ma (x —a@)rtr 


(1) (j,) (ao) =n(n — 1) LEs (n -r+ l)a? (ax +b)" 


1 fo 1 A J] ) 
(iii) (y I r 2 a Ce g)nti +(- 1)”. (1 + a)rt1f : 
15. Find the derivatives of 


ax? + 2bx +c (ii) G) ie x 
ax? + 2b’x +07” l+2/° (i (a? + x2)? ` 


(iv) sin” z. (v) cos” x. (vi) tan” x. 


16. Find y if (i) ax? + 2hxy + by? + 2gx +2fy +c =0, (ii) if x? +y? =3axy. 


i Provetint ao T ig 


dy? dx? / \da 
18 7 OY oasis 
. If y=A cos x+ B sin px, then Jt BY: 
19. If y=cos x+ sin x, then Yuy, 


20. Prove that if 0=tan™t ajx, then 


dY a sin (n +1) 
ora TE 


d\" « _ cos (n +1)8 
iz) Ban Le aw 


[Consider the values of 1/(x#—- a) +1/(x+12a).] 


21. Find the equation to the tangent at the origin to the curve whose equation 
is y =ax +bg? + cx, 


22. If P, Q, Q are points on the parabola y=px?-+qx+r whose abscissae are 


a,a—h,a+h respectively, prove that the tangent at P is parallel to the 
chord QQ’. 


23. Prove that the function 2x? — 3x? + 6x -5 always increases with x. 


24. Sketch roughly the graph of y=2(x-1)*, and find the greatest value of 
x(x- 1)? for values of x between 0 and 1 


25, (i) If f(x)=(x-1)}(x-2), for what values of x does f'(x) vanish ? 

(ii) Sketch roughly the graph of y =f(x) from x=0 to x=2, and show that one 
of the values of x found in (i) gives a minimum value of f(x) and that the other 
gives neither a maximum nor a minimum. i 


26. Prove that x= — b/2a gives a maximum or a minimum value of 
ax? +bx+c according as a 0. 
T B.C.A. 
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27. (i) When does the function 32‘ — 423 —-36z?-—1 increase with zx? 
(ii) Find the turning values of the function, and state the character of each. 


28. Show that the turning values of (x —1)(z2-—2)(z-3) are approximately 
+0-38. 


29. Four equal squares are cut off from the corners of a rectangular sheet of 
tin, 8 inches long and 5 inches wide. The rest of the sheet is bent so as to form an 
open box on a rectangular base. Find the volume of the box of greatest capacity 
which can be formed in this way. 


30. The regulations for Parcel Post require that the sum of the length and 
girth of a parcel must not exceed 6 feet. Prove that the right circular cylinder 
of greatest volume which can be sent is 2 feet long and 4 feet in girth. 


31. Show that the height of the right circular cylinder of greatest volume 
which can be cut out from a spherical ball of radius r is 2r/ v3. 


21. Inverse Functions. Let f(z) be a single-valued function of 
x, continuous for the range ax<z<b. Further, suppose that throughout 
the range, either f(x) increases with z, or decreases as xz increases. We 
shall prove that 

(1) The equation y=f(x) determines x as a single-valued continuous 
function of y. 

This function is denoted by f(y), so that the statements y=f(x) and 
z=f-!(y) mean the same thing. Also the function f—! is called the inverse 
of f. 

Proof. Since f(x) is continuous, as x varies continuously from a to b, 
f(x) takes every value from f(a) to f(b) at least once. Also f(z) takes 
every value once only, for f(z,)=f(z,) only when z,=2%,. Thus, corre- 
sponding to any value y, of y between f(a) and f(b), there is a single value 
Ta of x such that ya =f(Zp). 

Again, f-1(y) is continuous. For, taking 
the case in which y increases with z, let Yo 
be any value of y between f(a) and f(b) and ~o 
Z the corresponding value of x, so that 


A<2y <b. 


For sufficiently small values of e, z,—e¢ and 
To +€ are within the interval (a, b). Let y-k O| xE Xp XE X 
and y,+k’ be the corresponding values of y, Fig. 54. 
and let » be the smaller of the two k, k’. 

As y varies from yọ— q to Ya+n, x lies between zy—e and x)+e, for x 
increases with y. 


Hence |z-a)|<e, provided that |y-y| <7; 
and therefore c=f-1!(y) is continuous at yp. 
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If y decreases as x increases, we take yọ +k and yọ- k’ as the values of y 
corresponding to zọ—e and z+e. To show that f-'(y) is continuous at 
y=f(a) and y=f(b), we consider the variation of y for the ranges 


ax<a<ate and b-exrx<b. 


dy. dx, {dy 
(2) If Tp Ouest and is never zero for the range a<x<b, then Da i l T 


For if ôx and dy are corresponding increments of x and y, then, since 


dy is finite, ôy—>0 as dxz->0, and vice versa. Therefore 


dx 
dE p ÒL ,. òy Ju dy_, [dy 
elim tim tf Z= 1 [tim L-1. 


22. The Inverse Circular Functions. The numerically smallest 
value of y which has the same sign as x and is such that sin y == 1s called 
the principal value of sinx. A similar definition applies to tan“! z. 

The smallest positive value of y such that cos y =z is called the principal 
value of cos-! x. 


Y 


Thus the principal values of sin-!z and tan-!z lie between -3 and 


3 and that of cos—~} x lies between O and v. 


Unless otherwise stated, sin™! z, cos~!z and tan-!z will be used to 
represent the principal values of the functions ; for these, the derivatives of 
sin-!z and cos~!z are positive and negative respectively, as can be seen 
from Fig. 55. 


1 


Ex.1. Show that LAs eee ae 
x 1 +2? 


d 
_ dy l 


dx 
Let y=tan-!2z, then x=tan — =sec* y= 200 ee, 
y any and sect y=l +r; , ae ae 


dy 
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23. Bounds of a Function. Let f(z) be a function which has 
a definite value for every value of x in the interval (a, b). 

If a number M exists such that f(z)<M for every x in (a, b), then f(z) 
is sald to be bounded above. 

If a number N exists such that f(<) >N for every z in (a, b), f(x) is said 
to be bounded below. 

A function which is bounded above and below is said to be bounded. 


Suppose that f(x) is bounded above in (a, b). 

Let S denote the aggregate of the values of f(z) as x varies continuously 
from a to b. 

By applying Dedekind’s theorem (Ch. XIII, 12) to the set S, we can 
show that a number h exists such that | 


(i) no value of f(x) exceeds h ; 
(11) at least one value of f(x) exceeds any number less than h. 
This number A is called the upper bound of f(z). 
Similarly, if f(x) is bounded below, a number | exists such that 
(i) no value of f(x) is less than l; 


(11) at least one value of f(x) is less than any number greater than l. 
This number / is called the lower bound of f(z). 


Ex.1. Consider the function f(x)= lim --~--. If x=0, f(x)=0. If #340. 
NL 


N--- l 
f(x)=1/x. Thus f(x) has a definite value for every value of x. But f(x) is not 
bounded in any interval including zero, for by making x small enough, we can make 
l/x exceed any number we may choose. 


Theorem 1. Jf f(x) is continuous in the closed interval (a, b), it is 
bounded in (a, b). 

Suppose that f(x) is not bounded in (a, b). Because f(x) is continuous 
at x =a, for sufficiently small values of x —a, f(x) lies between f(a) -—e and 
f(a) +e, where e is any small positive number. Hence there are values of 
x in (a,b) such that f(x) is bounded in (a, x) and (if our supposition is 
possible) not bounded in (z, b). 

Divide the real numbers in (a, b) into a lower class A and an upper class 
A’ as follows: The number z is to be placed in A or in A’ according as 
f(x) is or is not bounded in (a, £). 

According to the supposition, both classes exist and every number in A 
is less than every number in A’. The classification therefore defines a real 
number «, which is the greatest number in A or the least in A’. 

Now f(x) is continuous at x=a, therefore for sufficiently small values 
of x-a, f(x) lies between f(a-—e) and f(a+e), where e is any small 
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positive number. Hence f(x) is bounded in (a,a+e), and so ate 
belongs to A, which is impossible, for a+e>a. This proves the theorem. 


Theorem 2.* If f(x) is continuous in (a, b) and h, 1 are its upper and 
lower bounds, f(x) takes the values h and l at least once as x varies continuously 
from a tob. 

For if e is an assigned positive number, however small, there is at least 
one value of xv in (a, b) for which f(z)>h-e, so that 


h-f(x)<e and 1/{h-—f(x)}>1/e. 
Hence 1/{h-f(z)} is not bounded. But if h-f(x) does not vanish 
for some value of z in the interval, 1/{h—f(xz)} is continuous in (a, b). 


Therefore h=f(x) for some value of x in (a, b). 
Similarly there is a value of x for which f(x) =I. 


24. Rolle’s Theorem. Suppose that f(x) is continuous in the closed 
interval (a, b) and has a derivative f'(x) for every x such that a<a<b. 

If f(a)=0 and f(b) =0, then f’(x)=0 for at least one value of x between 
a and b.** 

This theorem is of the greatest importance. A strict proof (as given on 
the next page) depends on the rather difficult considerations of the last 
article, but from the graphical point of view its truth is obvious. 

Let the curve y=f(x) cut the z-axis at A, B. Suppose that it is con- 
tinuous from A to B, and that at every point it has a definite and finite 
gradient. The theorem asserts that there is at least one point on the curve 
between A and B where the tangent is parallel to the x-axis. 


Fia. 56. Fra. 57. 


Fig. 57 represents the curve y=1-a*. Here f'(z)=-œ at x=O and 
J’ (x) is not zero for any value of z between —1 and +1. 


* This proof is taken from Hardy’ SPite Mathematics. 


** If f'(x) exists for a<z<b, t) must be continuous in the open interval (a, b), but not neces- 
sarily in the closed interval. 
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Proof. Because f(x) is continuous in (a, b), it is bounded in (a, b) and 
attains at least once its upper bound A and its lower bound I. 

Either (i) f(z)=0 for all values of x in (a, b), in which case f’(x) =0 
for every x; or (ii) some values of f(x) are positive or negative. 

If positive values of f(x) exist, h is positive and unequal to f(a) or f(b) 
Moreover, f’(h)=0, for otherwise there would be values of x in the neigh 
bourhood of A for which f(z)>A, which is impossible. 

If there are negative values of f(x), then | is negative, unequal to f(a) 
or f(b) and f’(l)=0. For if f’(l)40, there would be values of x near l 
for which f(x)<J, which is impossible. This proves the theorem. 

A simpler proof, for the case in which f(z) is a polynomial, is given in 
the next chapter. 


25. The Mean-Value Theorem. If f(x) is continuous for axa<b 
and f'(x) exists for a<a<b, then 


SB) ~f(@) = (B—a)f'(E), reaa (A) 
where £ is some number between a and 3 
Proof. Let $e) =f(b) ~f(2) -U -fla)} 
then $'(x) = -f'(a eh TORIO 


Also ġ(a)=0 and ¢4(b)=0, hence by Rolle’s theorem ¢’(x%)=0 for some 
value é of x between a and b, which proves the result in question. 


Geometrically. Let A, B be the points on 
the curve y=f(x) where x=a, b respectively. 
The theorem asserts that there is a point C on 
the curve between A and B where the tangent 
is parallel to AB. If P(z, y) is any point on 
the curve, and the ordinate NP (or NP pro- 
duced) meets AB in Q, it is easily shown that 


$(x)=NQ-NP=PQ. 


Corollary. Jf, throughout any given interval, 
(1) f'(x) is always positive, then f(x) increases with x ; 
(1) of f'(x) is always negative, f(x) decreases as x increases ; 
(ii) of f'(x) is always zero, then f(x) is constant throughout the interval. 
All this follows from equation (A), where it is supposed that a, b are any 
two values of v in the interval. 


Nore. It has not been assumed that f'(x) is continuous. 
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26. Integration. Suppose that f(x) is a given function of z, and that 
we try to find a function d(x) such that ¢’(z)=f(xz). Such a function is 


called an integral of f(x) (with regard to x), and is denoted by | f(x) dz. 
If p(x) and (x) are any two functions such that $'(x)=q' (zx), then (2) 
and p(x) differ by a constant. 
For Tigle) —Pla)}= $'(2) -W (2) =0 5 
therefore, by Art. 25, Cor. (iii), 6(”) -¢(z) =a constant C. 
Hence if any value of ¢(x) is denoted by | f(x) dz, the general value 
is [fo dx+C. Thus <la) =f(x), and le) =| flo dx+C, are two 
equations which mean the same thing. 


d greet 
Ex. 1. Since ---2"4+1=(n+1)2", therefore |x” dz=——. +C. 
dx n+l 


Nore. The symbol | ... dz is to be regarded as denoting the operation of integra- 


tion, just as I denotes that of differentiation. These are inverse operations. 


‘ Integration ’ can be applied to find the area of a curve as in the next example. 


Ex. 2. If PN is the ordinate of any point P(x,y) on the curve represented by y = kax” 
where n>0, prove that the area ONP bounded by ON, NP and the arc OP is equal to 
1/(n +1) of the rectangle contained by ON, NP. 


¥ Q 


Denote the area by S and let z, y be the coordinates of P. Let dy, 5S be the incre- 
ments in y, S corresponding to the increment ôx in x. If Q is the point (z + ôx, y + dy) 
and QJ its ordinate, then rect. PM<6S<rect. QN, i.e. ydr<bS<(y + dy) 52; 


òS ; . . as 
therefore Y< 5 <9 + bys and since dy—>0, .’. Y= 
, ken +1 
Hence S= | y dz = | kx” dx Snil +C, where C is a constant. 


Now S=0 when x=0; .. C=0 and S=kz"+!/(n+1)=2y/(n+1). 
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27. Taylor’s Theorem, also known as the General Mean Value 
Theorem. © 


If f(x) is continuous in the closed interval (a, b) and the first n deriva- 
tives f'(x), f” (x£) ... f(x) exist for all values of x between a and b, then 
JOSA + O-A) (a) +55 (0~af"(a)+ 


l 
+ — (b — alr f-D (a) + ad — afr), ci... (A) 
Ei H 
where & is some number between a and b. 
E a is similar to that of Art. 25. Let 


x) = f(b) ~f(+) r)f (x) 


-g 0-a) = (b= rafa) 
and b(x) =F (2) -( aro 
then F' (x)= a (b — x) f(a), 
and $ (x) = — ae =x) f (x jao) 
Ho-a) F(a)- (b-a nfz) \ 


(0-a | In ne 
Now ¢(a)=0 and d(b)=0, therefore by Rolle’s theorem ¢'(zx) = 


for some value £ of x between a and b, hence 


P= 


which is equivalent to equation (A). 


(b- ay" fE) 


Let b=ath, then w (A) may be written 


l 
== hlf” —— hnal fin~) ex 
flath)=f(a) +hf' (a +a l hef (a) + an fe-M(a)+R,, ...(B) 
where ` R, = Lanf (a+ 8h) and O<0<I. 


n 


For any number between a and a+h may be written in the form 
a+@h where 0<6<1. In general, the value of 6 depends on n. 


Taylor’s Series. Suppose that f(x) is continuous in the closed interval 
(a-c,a+c), and the n derivatives f'(x), f’’(z),...f™(x) exist when 
a-c<zr<a+c and that |h|<c. Then equation (B) holds. 
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l 
Further suppose that Ra = i Af™(a+0h)--0 as n>, then 


f(a+h) = fla) +hf' (a) + 2 hf (a)+... a Arf™(a)+...to æ. ...(€) 


For if s, is the sum to n terms of the series, 
f(a+h)-—s,=R,--0 sothat s,->f(a+h). 
The series in (C) is called Taylor's Serves and R, is Lagrange’s form of 
che remainder after n terms. When a=0, equation (A) becomes 


f(h) =f (9) HAF O yg PFO E Ae o EE (D) 


Phis expansion is known as Maclaurin’s Series. 


THE COMPLEX VARIABLE 


28. The Quantity x+y, which we denote by z, is called the com- 
plex variable. Here x and y are real variables, independent of one 
another and each capable of assuming any values from -œ to +o. 

As z passes from a value z) to a value z,, we suppose the variation to be 
continuous. By this we mean that the point z is to move along a continuous 
curve from the point z) to the point 2. 

Thus the variation of z is continuous if the variations of z and y are 
continuous. 


29. Function of a Complex Variable z. If Z=X+.cY, where 
X and Y are functions of z and y, we say that Z is a complex function 
of the real variables x and y. 

If z is known, so also are x and y. Consequently X, Y and Z are known. 
Hence it would be perfectly reasonable to call Z a function of z. 

But it is usual to restrict the meaning of the term ‘function of z’ as 
follows. 

We use the equation Z=f(z) to indicate that Z is the result of definite 
operations performed on z, the variables x and y not occurring explicitly, and 
we say that Z is a function of z. 

Thus 22+ 3y is a function of z in the first sense, but not in the restric- 
ted sense. 

For if z is known, so is 2z +3; but 2x+3cy cannot be expressed in 
terms of z alone, i.e. without the explicit use of x or y. 

It follows that if 

Z=X+tY=f(z)=f(x + cy), 


one series of operations determines X and Y in terms of x and y. 
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30. Definitions relating to Limits and Continuity. 


(1) To say that z tends to zero (z—>0) is to say that z varies in such a 
way that |z| becomes and remains less than any positive €e we may 
choose, however small. 

Thus, after a certain stage, the point z (on an Argand diagram) is within 
a circle with centre O and radius e, which may be as small as we like. 

To say that z tends to a (z—>a), where a is a fixed number, is to say 
that z—a-—>0. After a certain stage, the point z is within a circle with 
centre a and radius e, which may be as small as we like. 

(2) We say that f(z) tends to a limit Į as z tends to a if, for any posi- 
tive «e that we may choose, however small, 7 can be found so that 

| f(z) -l|<e, provided only that |z-a|<nņ. 

In other words, as z approaches a by any path whatever the distance 
of the point f(z) from the fixed point | becomes and remains less than 
any length e that we may choose, however small. 

(3) The function f(z) is continuous for z=z, or at (the point) z, if for 
any positive e that we may choose, however small, we can find 7 so that 

| f(z) —f(z) |<, provided only that |z-z)|<7. 

This is the same as saying that as z tends to zọ along any path what- 
ever, f(z) tends to f(z) as a limit. 

It is assumed that f(z) has a definite value at every point in the 
neighbourhood of the point zo. 

(4) The function f(z) 1s continuous in a region A if it is continuous 
at every point of the region. 

Hence if z describes a continuous curve in the region of continuity of 
the function f(z), the point f(z) will also describe a contiriuous curve. 


31. Continuity of Rational Functions of z. All that has been 
said in Arts. 2 and 3, with regard to the real variable, holds for the complex 
variable. In particular : 


(i) lim (dg +.@,2 + G92" +... + 4,2") =p. 
z—>0 : 


(ii) A polynomial in z is continuous for all values of z. 


(iii) A rational function of z is continuous for all values of z except for 
those which make the denominator zero. 
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EXERCISE XXIX 


1. Prove that (i) sin x -x always decreases with x. 
(ii) tan x—z increases with x in the intervals 
(-a7, 27), (27, 277), «. 


sin x ; 1 
decreases as x increases from 0 to $7. 


(iii) 


2. If a, ax +b, ax? +2bx +c, ax? -+ 3bx? -+ 3cx +d and axt + 4bx? + bcx? + 4dr +e 
are denoted by Uo, Ui, Uz, Us respectively, show that, if U =u Us — 3uguyu, + 2u,3, 


V =Uptt, — 4U Ug + 3u,", then T =0 and AE so that U and V are indepen- 
dent of z. 
3. If tg =008 2 (1 “ist A +“) 
and =sin e- (2 -f5 +i- +t(- Seat) 
prove that Ma Sy as Daou, 


Hence show that u,, and v, are positive or negative according as n is odd or 
even. 
[If x=0, then u,=0 and v,=0; also u=cosx—-1<0, vy =sinz-2<0. 


du : , l 
Now a~ —U,>0, .'. u, is an increasing function, .. u,>0; 
adv, ; : : 
and d =U,>0, .. v, is an increasing function, .°, v,>0; 
and so on, in succession for (Uz, Va), (U3, V3), +. «| 


4. Prove that for all Male of x 
xi 
(i) cos x = i [47 . tO w; 


aa x 
(li) sin z=2 — [at [5 —... tow. 


[(i) Let ¢, be the rth term of the series and s, the sum to r terms. Then by 
Ex. 3, for every L, San < COB T< San.) AN San 1 — Sen =len 1 > O as n—> œ. There- 
fore 3,—> cos x as r—>æ.] 


5. Use Taylor’s theorem to prove eee 


(i) sin (#+h)=sin x +h cos x — E jine- cos r+. 


(ii) ete hee cos x +r; sin@+.... 


h3 
|2 |3 
[(i) If flx)=sin z, | R, <i 


6. Deduce the expansions of sin x and cos z in Ex. 4 from Taylor’s theorem. 


-| hA” |—>0as n> œæ.] 
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T. Prove, by means of Art. 22, Ex. 1, that, if 0<x<1, then 


[Let S.=2 


i a 
-+g et O I and f(z)=tan2—-S,; then 


f(0)=0, and f’(z)=1/(1+ 2?) —-(1l-—2?+24-...+(-—1)"2*"-*, so that 
(1 +2?) f (x)= 1x7, 
which is positive or negative according as r is even or odd. 


Hence, tan“ lies between S, and S,,,, and | S,—S,,,|~0, as r> o, 
so long as x is positive and not greater than unity.] 


8. If f(x) is a function whose first derivative is 1/z, show that, if 0<z<1, 


2 
fltajan-F4e-.. to œ. 
[Proceed as in Ex. 7.] 
9. If O0<@<7/6, prove that tan 0 lies between 0+ 46° and 6+ 868. 
[For the second inequality, let f(#)=6+a0%—tan 9; show that (0), f’(0), 


f’(0), are all zero, and that f’’(@)20 throughout the interval ee 7/6 if 
9a >8 ; hence, in succession, f’’(@), f’(8), f(@), are all positive. ] 


The Binomial Theorem 


10. If n is a positive integer, show that the expansion of (a+h)" by the 
Binomial theorem is given by Taylor’s series. 


11. If n is any rational number and —-1<2<1, (i) show that 

n(n —1) e ANE E a .(n -r +2) 
2 ee! 

n(n —1)...(n—r+1) 


(1 +2) =1 +nx+ — 


2-14 R, 


where k= x"(1+@x)"-" and 0<@<1. 


(ii) If O<a<1, prove that R,—0 as ro, so that in this case 


(l4+a)"=1l+na+ tt (000% aucune re (A) 
[For r>n, (1+6z)""<l a og MEN feorth z*>0 asr>a.] 


(iii) If -1<x<0, explain why we are unable to say that R,— 0. 


[Here (1+6xz)"-">1 for r>n, and so far as we can tell, R, may not tend to 
zero. To deduce the expansion (A) in this case, another form (named after 
Cauchy) of the remainder after n terms of Taylor’s series must be used. See any 
treatise on the ‘ Calculus.’} 


CHAPTER XVIII 


THEORY OF EQUATIONS (2), POLYNOMIALS (2), 
RATIONAL FRACTIONS (1) 


1. Multiple Roots. Ifa 1s an r-multiple root of f(x)=0, where f(x) 
is a polynomial, then (x-a)! is a common factor of f(x) and f'(x). 
For f(x)=(x-a)". d(x) where d(x) is a polynomial and 
f (a) =r(x—a)" 1. h(x) +(u—a)". p (x). 


2. Rolle’s Theorem for Polynomials. If f(x) is a polynomial, 
at least one real root of f'(x)=0 les between any two real roots of f(x)=0. 


Proof. Let «, B be consecutive real roots of /(z)=0, so that 
f(x) =(@-0)™(a— p)” . P(x) 
where m, n are positive integers, and (x) is not divisible by x-—« or 
x-B. Then (zx) is of invariable sign for a<rv<P and 


fi (x) = (x -a)™ (a — BY" . p(x), 


p(x) ={m (x — B) +n(x-a)} . h(x) +(x-a)(x- pg (z). 
Now ys (c) =m (x — B)p(a) and (B)=n(B —x)p(8). 
Therefore (œx) and #(B) have unlike signs; moreover, (zx) is every- 
where continuous. 


where 


Hence (x) and consequently f'(x) is equal to zero for some value of x 
between « and £. 


3. Deductions from Rolle’s Theorem. 

(1) [fall the roots of f(x)=0 are real, so also are those of f’(x)=0, and the 
roots of the latter equation separate those of the former. 

For if f(x) is of degree n, f'(x) is of degree n—1, anda root of f’(rz)=0 
exists in each of the n—1 intervals between the n roots of f(x) =0. 

(2) If all the roots of f(x)=0 are real, so also are those of f'(x)=0, 
f” (x) =0, f” (x) =0, ..., and the roots of any one of these equations separate 
those of the preceding equation. l 

This follows from (1). 
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(3) Not more than one root of f(x)=0 can 
(i) lie between two consecutive roots of f’(x)=0, or 
(ii) be less than the least of these, or 
(iii) be greater than the greatest of them. 

For let B,, B.,... B, be the real roots of f’(z)=0, any of which may 
be multiple roots, and suppose that B,<B,.<...<fB,. Let œ, & be real 
roots of f(x) =0. 

If x, =a, then a, is one of the set b1, Ba» = B, (Art. 1.) 

If «Ææ, by Rolle’s theorem, a root of f'(x) lies between a, and a. 

Hence (i) if B,<a,<a,<f,, then B, and fa cannot be consecutive 
roots; (ii) if «,<a,<f,, then £, cannot be the least root of f’(x)=0; 
(iii) if B,<a«,<a%, then 8, cannot be the greatest. 

Thus, not more than one root of f(x)=0 can lie in any one of the open 
intervals 

(= © , B,), (Ri, Bə), ues (Bri Br); (B, Q ). 

(4) If f'(x)=0 has r real roots, then f(x)=0 cannot have more than r+1 
real roots. 

If f(x)=0 has no multiple roots, none of the roots of f’(z)=0 is a root 
of f(x)=0, and the theorem follows from (3). 

If f(z)=0 has an m-multiple root, we regard this as the limiting case 
in which m roots tend to equality. Thus the theorem is true in all cases. 

(5) If f(x) ts any derivative of f(x) and the equation f(x) =0 has 
imaginary roots, then f(x)=0 has at least as many. 

It follows from (4) that f(x)=0 has at least as many imaginary roots 
as f’(x)=0. 

(6) If all the real roots B,, B.,... of f’(z)=0 are known, we can find the 
number of real roots of f(x)=0 by considering the signs of f(B,), f(Bo), «.. - 
A single root of f(z)=90, or no root, lies between f; and f», according as 
J(B,) and f(B,) have opposite signs, or the same sign. 


E2.1. Find the character of the roots‘of f (x)= 3x4 — 823 — 622 + 24x +7 =0. 
Here f'(x)=12(x?-1)(x-2). The roots of f’(z)=0 are -1, 1, 2. 
x|-o -l 1 2 œ 
fæl + - + + + 


and f(z)=0 has a real root < -1, one between -1l and 1, and two imaginary 
roots. 


Ex.2. If b®-ac<0, then the equation f(x) = (a, b, c, ... ký x, 1)" =0 
has at least two imaginary roots. See Ch. VI, 11, Ex. 1. 

For fOr) =n(n - 1)... 3. (ax? + 2bx +c) 
and the equation ax? +2bz+c=0 has two imaginary roots. 
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4. Sums of Powers of the Roots of an Equation— 
Newton’s Theorem. | 


Let «œ, B, ... x be the roots of 
f(a) Ha? + ya + ge FA + Hy =O, ocr ececcecsceceeees (A) 
and let s,=a'+f7+...+«" (r=0, 1, 2, ...), so that s¿=n, then 
(1) 8, + P1Sr-1 + PaSp_o +... + 81Pyp_y + 7p, =O (r<n), 
(ii) Sr + PySp_y + PoSp_g +++. + PnSr-n =0 (r>n). 
Proof. (i) We have identically f(x)=(x%—a)(a~—B)...(@—K), cece. (B) 
and, assuming the rule for differentiating a product (Ex. 2, p. 277), 
Faga aao) m s 


a ee : 

By synthetic division, 

f(z) /(a@-a) =a"! + Aya"? + Aga” 3 +... Ana 
where the coefficients are given by 
A,=a+p,, Ag=a*+pa+p,, Á; =0? + pax? + px +p; and so on, 
in succession ; and finally, Ana =a! pa n HPna 

If the other quotients in (C) are expressed in a similar way, it will be 
seen that f' (2) = na"? + Q7 Qar t n Hn oeer (D) 
where Q,=5, + "Py, Qo=S2 + PiS HNPa Q3 = 83+ Pisa + Posy + Mpg, 
and soon; and Q,_,=Sn-1+ PiSn—2t ++ + Pn--28) + 2Pn-v- 

Now f(x) =na 1+ (n -— 1p”? + (n — 2) por"-3 +... + Pn; and 
comparing this with (D), Q@,=(n—1)p,, QYe=(n—2)po, ---, On =Pn-1- 
Therefore s, +p, =0, 

Sq + P18 + 2p. =Q, 
S3 + P182 + Pos + dps =Q, 


Sat Pera hant (WS prar ee (E) 
(1) Let ræn, then multiplying each side of f(&x)=0 by «’-" we have 
ar + p,a7-} 4 paa e SEE pu” 2 0, 


and similar equations hold for each root. 
Hence the second result follows by addition. 
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Ex. 1. For equation (A) of the last article, find the value of &(a—B)", where r is 
an even number, in terms of 895 Sis Sys -- 


If c,, Cg, -.. are the coefficients of x, x?, ... in the expansion of (1+), then 
(oc ~ ©)” =a" — exa l + eta n +2". 
In this equation, substitute a, B, y, ... « in succession for x and add, therefore, 
(x-a) +(x- p) +(a- vy) +... +a- r)" 
N A, i + T, — ... +8". 
Similar equations can be deduced from the expansions of (B-z), (y—- x), etc.: 


hence, by addition, we have 


2 a(x Te BY = Sosy as CySy8p_y + CoS 0S r_9 — s.o + 8S0 


5. Order and Weight of Symmetric Functions. Leta, ß, y... 
be the roots of 
Pe pa hs Pee A POs paa (A) 


Consider any function of the coefficients ; for example, let 


u = Py" Py ~ 2P? — py pst 4pq. 
Let u be expressed in terms of the roots by means of the equalities 


pı= -2a, Po=LaB, p= —Lafy,.... 

Consider the highest power of any root « which occurs in this expression for 
u, and denote it by a’. 

Each of p,, po, ... involves æ to the first degree only, therefore aë arises 
from the highest term p,?p, and from this alone: also the index s is the 
degree of this term, namely 3. 

The order of a symmetric function of the roots of an equation is defined 
as the index of the highest power of any root which occurs in the function. 

Thus the order of Xa38 is 3, and that of L«By is 1. 

From what has been said it will be clear that the order of a symmetric 
function of the roots is the degree of the function when expressed in terms of 


the coefficients Pi, Poy - Pn: 


If u is a symmetric function of order s of the roots of 
ig Oe cet Oye. cave Sistas AE (B) 


then a su ts a homogeneous function of do, i, Qo, ... of degree s. 

For if the equation is written in the form (A), u is a function of p}, Pa, ... 
in which the highest term is of degree s and p,=4a,/d9, p.=42/aq, etc. 

The weight of a symmetric function (u) of the roots æ, B, ... is its degree 
in a, B,.... 

Thus the weight of X38 is 4, and that of Zaßy is 3. 
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Theorem. If a symmetric function (u) of the roots of equation (A) is 
expressed in terms of the coefficients Pi, po, ... the sum of the suffixes of every 
term, when written at full length,* is equal to the weight (w) of u. 

Proof. Denote any termin u by ppp! and in equation (A) write 
z=y/A. The equation becomes y+ Apyy"1+ Apy” +... + À” Pp ... O, 
and the roots of this are Aa, AB, Ay,... . 

If then we multiply every root by A, the effect of this is 

(i) to multiply u by A”; 
(11) to multiply PiP, ps ky A, A, A3, ... respectively ; 
(ui) to multiply p,"p py! ... by AP+t2k+3I+.., 
n w=h42k43l4..., 
which proves the theorem. 
Ex.l. Write down the literal part of Xa®B*, expressed as a function of the coefficients. 


i«*B* is of order 2 and weight 4. The only terms of weight 4 are such as contain 
Pit, PiP PyP3> Po’, Pa» The first two of these are of too high an order. 


Thus we have Za B® =ap, ps +bpe" +cp4, 
where a, b, c are independent of p,, Pao Pa 


6. Partial Derivatives. Suppose that u =f(x, y, z,...) is a func- 
tion of the independent variables z, y, z, .... The operation of differentiat- 
ing u with respect to x, on the supposition that x alone varies, is denoted 


by the symbol © and n is called the first partial derivative of u with 


Ox’ Ox 
respect to x. Sometimes the ordinary symbol z is used in the same sense, 
the context implying that the differentiation is partial. We also write 
a (00) A ng 9. (Bu) Btu 
ax\dy/ dx dy Oy\dx/ Oy dx’ 


with similar notation for higher derivatives. 
For example, if u=2™y", 
= (5) ba 2 ina mayne?) = INN. ia) air 
5 ( =) = ; (ma ™-ly”) = mng "iyn, 
ou u 
Oxdy yðr 
It follows that equation (A) holds when u is a polynomal in z, y. 


Therefore 00000 tk. eine esol bbasieeseneeeesivanes (A) 


* Thus the term p,p: is written p17; P2DePo. 


U B.C.A. 
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It is proved in books on the ‘ Calculus’ that the commutative property 
represented by (A) holds when the functions in question are continuous. 
A strict proof is difficult, and here we are only concerned with polynomials. 


Again, we often regard A 2 +k L as an operator, and we write 


ox = Oy 
Ou , Ou Q 0 
ee" og” (ig tha, ay) = De 
Ou Qu o?u o*u gu o?u 
NE 7 du, du t E E 
D w= D(Du)=D(ho* + +k 5") = haat Piar AE a 
opt, opp ou p?” 


jme Or dy” D? 


of h, k are constants ; a result which we may express as follows : 


G4 teg)“ u=fe(Z) ratel -) yu 


The value of D”u can be written down in the same way by the Binomial 
theorem. 


7. Taylor’s Theorem for Polynomials. (1) Jf f(x) is a poly- 
nomial of degree n in x, then 
, h? t1 h” 
f(ath)=f(z) +Af (e) +r f i POD) aie (A) 
Proof. This follows from Ch. XVII, or thus: we may assume that 
has H 
2 Toei ra 
where dp, a, ... a, are independent of h, and if X=xr+h we have 
dX d 
dh peth- amn axt 


Hence, by successive differentiation with regard to h, 


hr- 


f(x +h)=a+ha + 
\=f' (x+h). 


2 
f'(z+h)= Palin iia e i racers 


- pai 
h2 hr -2 
f” (æ+h)= =a gene Th 79 Om 


f™(z+h)= 
The result follows by putting h=0 in these equations; for we find that 
a,=f'(r), ag=f" (2), ..., ap=f™(z). 
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(2) Lf u=f(x, y) isa polynomial of degree n in x,y, then 
fleth,y+h=ut Dut 35 Dut... +i D'u. re (B)* 


[2 
For we may assume that 1 
flath, y+k) =ao + (bih +b,k) + Spo 7, (Po Pps Pm bh, ky”, ...(C) 


m=2 im 
where ap, bo, ... are ie aha ofh, k. 

Putting h=0, k=0 we have a,=u; and differentiating m -r times 
with regard to h and r times with regard to k, we find that 


(5) meal f(x+h, y+k)=p,+terms involving h, k. ........ (D) 


Then, if X=rc+h, Y=y+k, the left-hand side of (D) is equal to 


( Ko ( a AX, Y)=fa-n:(X, Y), say, ie. fp (eth, y +h); 
oru 


and putting h=0, k=0, we have P, ,=fm-r, r(®, y)= aa Oy? 


which proves the theorem. 
(3) If u=f(z, y, z, ...) is a polynomial of ~ n in T, Y, %,... then 


1 
flathy+k2+h..)=u+Dusy, Dut. a E, (E) 


0 o Q 
where D denotes the operator h an +k ay +l F + 


The proof is similar to the above, using the Multinomial theorem. 


8. Euler’s Theorem. (1) Let u be a polynomial homogeneous in 
x, y and of degree n, then 


ou Ou 2 Ou ns ae n(n—1)u 
Ta Toy a? : 


w Yaa Ta 
and, in general, (22 tye) unin —1)(n-2)...(n—r41)u. 
Oz ” oy 
Proof. Let u=f(z, y), then by Taylor’s theorem, 


f(z + Ax, y+ Ay) 


-uta (otya) aA ace ls TT 


== (A 
an Y By a one, ep) aS 


and since « is homogeneous and of degree n in z, y, 
fla + àz, y+ NY) = (1 HAU. Adiaeiwsneaiiawivasiesnsas (B) 


The coefficients of the powers of À in the expressions on the right of 
(A) and (B) must be equal, whence the results follow. 
* Bee end of Art. 6. 
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(2) If u=f(z, y, z,...) is a polynomial homogeneous in x, y, z, ... and 
of degree n, then 


w a +H. =n, 
D'u=n(n—-1)(n- 2)... (n-r+ l)u, 
where D" stands for (22 +y +2 £ + "i in its expanded form. 
Or “Oy @ 


Putting h=Az, k=Ay, l= àz ... in equation (E) of Art. 7, the proof is 
similar to the preceding. 


9. Partial Fractions. Let f(x)/ġ(x) be a rational proper fraction 
which is to be expressed in partial fractions. If x-a is a non-repeated 
factor of (x), the fraction corresponding to x-a is 

JAG) REN 
p (a) r-a 
For let ġ(x)=(x-a)p(x) and TED ie 


Bl) ea Ha) 
From the second equation 
f(x) = Ap(2) + (x -a) F(z), 
and from the first, by differentiation, 
P(x) = (x -ap (x) +h (2). 
Putting x=a and observing that %(a)0, we have 
f(a)=Ar(a) and ¢’(a)=(a), therefore A=/f(a)/¢'(a). 


Ex. 1. Express x™1/(x"—1) in partial fractions, where m, n are positive integers 
and m<n. 


If zx-a is any factor of 2"~—1], then a”=1 and 


aml qm-1 1 1 qm 


r-l] na! x-a n x-a 
The imaginary roots of xz?”-1=0 are 
2rrr . drr 
cos ~—— + tsin a where r=1, 2,... $(n-1) or }(n—2), 
according as n is odd or even. 


9 9 
Let a=cos — + lsin —, then a`! = cos — — t sin —; 
n u n n 


and denote the sum of the fractions corresponding to x-a and x-a! by u, then by 
the preceding, 


5 =+( am. q™ j- a(a™ +a7™)— (a1 +a- (MD) © 
“n\z-a x-a) n x? -x(a +a!)+1 í 
2 xcosrma—cosr(m—l)« 


S u —=——, 
n x? — 2x cos ræ + 1l 


Qa 
where a= —. 
n 
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Hence, according as n is odd, or even, x™-1/(x"—1) is equal to 


l ( =- 1)” l r=n—2) 
A a a 


I l, Jre ai 


1 
or a o 
’ n 


10. Theorem. The following theorem is often useful. 
If æ, B, ... are the roots of u= (ag, a, ... anx, 1)” =0 and 


V= (aq, Qis- An) 
is a symmetric function of æ, B, ... , involving only differences of the roots, 
then v satisfies the equation 


dv dv ov 
lea es a ies 
For the substitution z=X+hA transforms u=0 into 
U= (do, Ay, Ao, ... Anh X, 1)", 
where A,=4,+4 9h, A= d + 2a,h +a h?, ete., and since the roots of U =0 
are a—h, B—h,..., we have 
DD EEE ig) OO Cg A aces Ay) Seen: (B) 
If the right-hand side of (B) is expanded in powers of h, every coefficient 


must vanish, and by the extension of Taylor’s theorem the coefficient of h 
is the same as that in 


do PEO TTEA NE (A) 


dgh a + (2a,h + aoh?) ie + (Sah + 3a,h? + aoh”) sl + 0.5 


0a, das 
ov ov ov 

+ 2a, ~~ + 3a, =— 

1 i 2 i oaz 


ða, Ca 


Ex.1. For the biquadratic (do, ay, Aa, az, a4§x, 1)4=0, find in terms of the coefficients 
the value of 


<. Qo Pass. 


v=(Bt+y—a-8)(y+a—B-8)(4+B-y— ò). 
This function is of order 3 and weight 3. We may therefore assume that 
ao U = paoa + GAA, 4, + 17a, 
where p, q, r are independent of dp, a,,... . And since v is a function of the differences 


of «, B, ... , we have 

Ov Ov Ov Ov 

~— + 2a,-— aes ies 

Ca, y na, x a = fase 

*, Ay (Gaga, + 37a,”) + 2a,gaya, +3az pao =0 ; 
=. aot (3r + 2g) + ao*ag (3p +9) =0. 


This is true for all values of apo, a,, a,, therefore 


0; 


ao 


3r+2¢=0, 3p+q=0, giving q= -3p, r=2p; 
", Ag’ =p (00°; — 3aq4,4 + 2a’). 
The value of p may be found by giving special values to «œ, 8, y, 5. Thus by taking 
«a=0, B=1, y=-1, §=4, we find that p=32, which agrees with Ex. 3 of VI, 16. 
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EXERCISE XXX 


1. The equation f(x)=2°+3q2+r=0 has two equal roots if r?+4q°=0. 
Prove this (i) by applying the u.c.r. process to f(x) and f'(x); (ii) by elimin- 
ating x between f(z)=0 and f’(x)= 


2. The condition that the equation az°+3bz?+3cx+d=0 may have two 
equal roots is 


(ad — bc)? — 4(ac — b?) (bd —c?) =0. 
Show that this may be obtained by eliminating x from 
ax? +2brx+c=0 and ba?+2cxr+d=0. 


3. Find the values of a for which az*-92z?+122-5=0 has equal roots, 
and solve the equation in one case. 


4. The equation x” —qa"-™+r= ne has two ee roots if 
a- m)} "=Z a- m) j 
n 


5. All the roots of z” -— a ~ D(n-2)(n-3) n 
are real. |2 |4 
[Use Ex. VII, 14.] 


6. Show that the equation z?-7x+7=0 has two roots between 1 and 2 
and one between -3 and -4. 


7. If the equation x” +p, z"! + p,2"-?4...+p,=0 has three roots, each 
equal to a, show that « is a root of 


ng) +. (n — 1)?p, 2"? + (n — 2)*p a”? +... +Pn—ı = 9. 


8. Show that the equation 2! —423+102?+7x-5=0 has one positive, one 
negative and two imaginary roots. 


9. The equation 324+ 8x3 - 6x? ~ 24x +r=0 has four real roots if 
~l3<r< -8, 
two real roots if ~8<r<19, and no real root if r>19. 
[The roots of f’(z)=0 are —2, —1, 1.] 


10. The equation f(x) =(x —a)*+(x” —b)? +(x —c)®?=0 
has one real and two imaginary roots. 

11. The equation x’ —- 5ax + 4b=0 has three real roots or only orie, according 
as a5=b4, 

12. The equation 2° + 5ax +6 =0 has one and only one real root in the follow- 
ing cases: (i) if a>0O; (ii) if a<0 and 6?+108a5>0. 


13. The equation 25+5axz*+b=0 has one and only one real root in the 
following cases: (i) if a, b have the same sign; (ii) if a, b have opposite 
signs and 6(b° + 108a5)>0. 

[Deduce from Ex. 12 by putting 1/zx for x.] 

14. Show that if 3b?<a? there are real values of x, y, z which satisfy 

L+y+2z2=a, Yz+z% + xy =b?, 
and that these values are all positive if a>0 and a? < 4b?. 


[z, y, z are the roots of an equation of the form 6°-—a6?+676+«=0 and if 
6=+a/3, this reduces to one of the form ¢3+4(b? — 4a*) + k’=0.] 
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15. If ài, À» A; are the values of A given by the equation 


g? y? 22 

a A BA A 
prove that these are all real; also, if a, b, c and À, Àz As are in descending 
order, then a> >b A> C> M 


2 (a? — A) (a? — Ay) (a? — As) 
end X Sab) (a? -- c?) : 


al 


16. If «, B, y, ... are the roots of the equation 
yn lant l 
(eee C PaT 
ac” + m + È Ba 0, 


show that Zar =0 for r=2, 3, 4,... n. 


17. If f(x)=0 is a cubic equation whose roots are œ, B, y, and « is the 
harmonic mean of the roots of f'(x)=0, prove that «?= By. 


18. The sum of the ninth powers of the roots of x? +3x+9=0 is zero. 


19. If s, is the sum of the nth powers of the roots of 21-2? +1=0, show 
that nr 
Sen 1 =U, Sın -4 cos —. 

20. If «, B,... are the roots of (do, Ai, Qz -.. an 01, 1)” =0, show that the 
equation whose roots are ay—z, By-, ete., is (dy, Uy, Uz, ... u, bf, 1)"=0, 
where U,=Qp%+Q,Y, Uy =A% + 2a, ry +a,y", etc. 

21. If m and n are positive integers and m <n, prove that 

amt —]jr-m 9 LAK 
at (Uh 2 pret, 
x"+1l n(x+I1) n 

according as n is odd or even, where 


r r’ 


2 r= i(n—2) 
n Žr=0 u 


x cos (2r + l)mx — cos (2r+ 1)(m -l)a Tr 
= ~ ema o -- - and «=-. 
x? — 2x cos (2r+ l)x+ 1 n 


r 


22. Let k be given by the equation 
S= a-k Ah g S0; 
h b-k f 
© g f c-k 
If this equation has a repeated root k,, prove that 
k, =a - għ|f=b -hflg =c — fgih, 
provided that none of f, g, h is zero. If one of these (g) is zero, so also is 


another (h), and then 
k,=a and (a-b)(a-c)=f°. 
Under these circumstances, show that 
ax? + by? + cz? +2fyz + 2gzx + 2hæy — k (x? +y? +2?) 
is a perfect square. 
[Denoting the cofactors of the elements of 4’ by A’, F’, etc., the equations 
A’=0, B’=0, C’=0 are quadratics in k, and the roots of any one of them 


separate those of 4’=0. Hence if k=k,, then A’, B’, C” and consequently 
F’, G’, H’ are all zero. See Ch. IX, 21, (4).] 


CHAPTER XIX 
EXPONENTIAL AND LOGARITHMIC FUNCTIONS AND SERIFS 


1. Continuity of a? and log,x. If a>0, the function a* is con- 
tinuous for all real values of z. This follows from Ch. XIII, 9. 


Hence the inverse function log, x is continuous for positive values of z. 
(Ch. XVII, 21.) The reader is reminded that log a stands for log, z. 


2. Exponential Inequalities and Limits. (Continued from 
Ch. XV, 5.’ 


(1) As zx through real values, 
i E 
(T>) ->e and a —>e, 
i x 


For let m<xz<m-+1, where m is a positive integer, then 


l ke = eet hee ace x 
m-+l £ m, 


therefore 1+ seg) ( l+- -) a l+ J ; 


If zoo, then m—>oo and by Ch. XV, 5, (3), 
1 \™ TL Amt. l 
Gaa aan an 
m+ m 
(1+ Tea {i jee; 
m m m 
therefore ( 1+ : j> e. 
T 
Next let z=y+1, then as z—æ, y->œ and. 
] -z —(y+1) ] ¥ 1 
t-i (LN Gai - ve 
( -(-) ra) m —>e 
It follows that if z>x or - x, 
. P 
lim (1+=) =€, 
x 


1 


and consequently lim (1 +2) =e. 
20 
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te 
lim (1+2) =, 
x 


This is obviously true if z=0. If 20, let x=yz, then as r>0, 
y>oo or -© , according as z-=0. In either case, by the preceding, 


py “eg 


3) If a>0, then 


2) If z is any real number, 


at — | 
lim zi =log a. 


xz—>0 
This is obviously true jf a=1. If al, let a” = a then as x->0, 
y—>0 and 
lim -—— = lim 108a(1 +y) 


= hm log, (1 yy 
y—>0 


z—=04”-l y0 y 


Now by Ch. XVII, 5, (2), 


1 1 

7 ~ 1 
lim log, (1 +y)” =log, {lim (1+ y)”}=log, e= —— ; 
St Oa a) oga n R a 
therefore lim Aa log a. 


g—>0 


Here x may tend to zero through positive or negative values, so that 


each of the functions az -] r l—a- 
—— an 
£ 


tends to log a as a limit as x—>0. 
It has been shown in Ch. XIV, 9, that the first of these functions 
increases and the second decreases as x increases from zero. Hence 


— Qq? z 
if £>0, then aa <log a< Z1 ; 


3. The Exponential Theorem. For all real values of x, 
a na 2 
f=l+etretigt..t- 


Proof. The series (A) is convergent for all values of z, and its sum is a 
function of x which we shall denote : E(x). If n isa positive integer, 


(1+2) =l+n raat a (2) 4% += a 5 (2) "4 ... to n+1 terms 


ys 
slaai md Pik TAT 
came K 


ne a(i- D-8- 
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Now p,<1, and since 1/n, 2/n, ...(n—1)/n are positive numbers less 
than unity, for the values 2, 3, ..., (n—1) of r we have, by Ch. XIV, 1, 


l Ae U: 
Pr>l--(1+2+3+...+r)=1- z’ 
* 0<1-p,<r(r + 1)/2n. 


Let s„ be the sum to n terms of (A), and let | x | =x, ; then 


haetaa 


-p +- Pa) t+ Lq ~ Pn-1) 


{1.2 2 De 7 3.4 , (n-1)n i 
“oti ay TS +... + |n Ly 
tae i aa 1%, 
S | +2 + [2 tet RT < Sn E(x). 
Now £(z,) is finite for all values of 2,, therefore 
lim san =lim(1 +— =) =€"; 
n—> Nn — Q 
but lim snp = E(x); 2. e*=E(z). 
n->0 
This result is called the Exponential Theorem. 
In particular, when z=1 we have 
eons eee! ert 
EM 
from which it can be shown that e = 27182818284 .... 
Ex. 1. Show that e ts irrational. 
Suppose that e=p/g, where p and q are integers ; then 
p l 
~=] +1 WA, E E sacaihe nine seen eancee: 
aoe Pte “a? (A) 
1 l 
wots i oai ee + (q+ 2)(¢+3)* =} < Te ia P D 
q q+2 
A ee cc N E E E, (B) 


CESI ~q(q+2)+1~ 


If the equality (A) holds, we should have R | g=an integer, which is impossible on 
account of (B). Hence e cannot be a rational number. 


4. If a>0 and x is any real number. . 


=e bga SEY loga) ceann (A) 
that is to say 


[oas 


x? 
= R Te 3 
1 +2 log a (log a)? + 73 (log a) reid os ben's dan iat EN (B) 
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5. An Irrational Index. When a>0 and x is irrational, we take 
the equation a*=E(x log a) as defining the meaning of a*. 

This agrees with what has been said in Ch.\XIII, 9, for it will be shown 
later that the sum of the series denoted by H(z) is a continuous function. 


6. Derivatives of a”, log x and x?. 
(1) Suppose that a>O, then by Art. 2, (3), 


ath at 
— a= hm = lim q” =a* log a 
T h—>0 h h->0 
In particular, 4 e? = e” 
dx 


Note. It should be observed that, if a<0, a” has not been defined 
for all real values of z. 


(2) If y=log x, then x=e"” and Anes 


therefore dy = that is, Ca ome 


de z dx 
(3) It has been shown that when n 1s rational, = at=ng"-!, To 
prove that this is true for all real values of n, we proceed thus : 
d 


a mat enlogz — enlogz —” r = ngn-l, 
dz dx £ £ 

Note. Since it has been shown in (1) that, for the curve y=a®, the gradient 
dyjdx is yloga, it follows that, if the tangent at a point P on the graph meets OX 
in T, and PN is the ordinate of P, then TN =l1/loga : i.e. the subtangent is constant. 
This fact gives a rapid construction for the graph of 
y =a”, with considerable accuracy. 

For instance, for y=e*, where 7N=1, take a 
sheet of ruled exercise paper and draw a line per- 


Y 
pendicular to the ruling as the axis of x; and | 
mark one of the rulings as the axis of y. On this B $ 
take OA, equal to, say, 4 intervals, as the unit; ae 


and on OX, to the left of O, take Oa=OA. Draw de: 
Aa until it meets the first ruling to the left of P a O X 
OY at B. Without’ removing the pencil-point Fre. 60. 
from B, rotate the ruler until it passes through b, 
the foot of the ruling next to the left of a, and draw bB until it meets the ruling 
next to the left of A; and so on. Find points on the curve to the right of OY in 
the same way, and replace the broken line by a ‘ fair curve.’ 

If, in Fig. 60, OX and OY are interchanged, the curve is then the graph 
of y=log z. 

Also, if the paper is turned through 90° in its own plane, and then turned 
over, the curve as seen through the back of the paper is the graph of 


y=log x, with the axes in the usual position. 
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7. Inequalities and Limits (continued). 
(1) For all real values of x other than zero >l +z. 
For let f(z)=e*—-1l-z, then f(0)=0 and f’(z)=e*-1, 
so that f’(z) 20 according as x20. Hence, if x increases or decreases 
from zero, in either case f(x) increases from zero, and is therefore positive. 
(2) If cœ -1 and 0, then x>log (1 +z). 
This follows from (1) by taking logarithms. 
(3) If x>0, then §27/(1+2)<a-log (1 +2)< $2’, 
and if -1<x<0, then 4a? <e -log (1 +g)<4 27/(1+2). 
For let f(£x)=x -log (1+2) — $2”, then 
; l 
f'(z)=1- i 


+e 


2 


g= — — <0. 
1l+z 


Hence f(x) decreases as x increases from —1, and since f(0)=0, it 
follows that f(z) 20 according as x0. 


2 
Again, if $(2)=2—log(1+2)-45-—, then 


aes: l co , E ( x J | 
PO eg ie lee a 
Hence (x) increases as x increases from —1, and since ¢(0)=0, it 
follows that ¢(z) <= 0 according as z= 0. 
This proves all the inequalities in question. 


(4) If z>-1 and +0 and l,h are respectively the smaller and the 
greater of the numbers 1 and 1+, then 


2 2 
$5 <2 -log (1 +a) <ET 


This is merely another way of stating the inequalities in (3). 


(5) For any positive value of n, (i) lim 287 _9, (ii) lim (2" log x) =0. 
gz-> 0 z—0 


(1) For all positive values of m we have by Art. 2, (3), 
| logx 1 am-1 ] 


gn xz" m maram © 


Choose m so that 0<m<n, then as r->0, 
z’-™-»00 and (log x)/z"->0. 
(i) Put x=1/y, then as z>0, yo and 
x” log x= — (log y)/y"-—>0. 


EULER’S CONSTANT 311 


(6) For all values of r, lim x*/e*=0 
T- 0 


ete . 1l 
This is obvious when r<0. If r>0, let e*=y, then, putting -=n, 


Z a Noei _( a 
wy yr J 
Now as z—œ, yo; and, by (5), since 0 (log y)/y"—>0. 
l r 
lence it follows that x"/e”—0. 


8. The Manner in which e* and log x tend to Infinity. Letn 
e any positive number. 

First suppose that zo, then e*->0o and log z—> a. 

Now, by Art. 7, (6), 2"/e*>0, therefore e” tends to infinity faster than 
n, however great n may be. 

Again, by Art. 7, (5), (log x)/z"->0, therefore log x tends to infinity 
nore slowly than x”, no matter how small n may be. 

If z—+>0, then -log z->o., and by Art. 7, (5), (log z)/z-"->0; hence 
-log x tends to œ more slowly than 1/x", no matter how small n may be. 


9. Theorem. Jf u,=1+4+4+4+... + logan, then as n>% , Un >Y 
vhere y is a fixed number lying between O and 1. 

Proof. By Art. 7, (2), 1 | 1 
Un = Un =~ -log == + log (1 -= )<0, 
o that u, decreases as n increases. Again, by Art. 7, (2), 

1 1 l> i n+1 1 n 
log(1 +5) <; <~log(1-=), that is, log —— <z Slogi. 


E n— l, n—2,... 2, -in succession for n, we. have 
log go S < = <log™— 5, wey log $< }< log. 


Also log$<1; and by addition, it follows that 
log (n+1)<14+4444... tici +logn; i.e., log (n+ 1)-logn<u, <l. 


But log (n +1) -log n>0, hence 0<u,<1; and, from above, u,<Uy_}. 
Thus u, is a decreasing function which is always >0. Consequently 
4,->y Where y isa fixed number >0; and, since u,<1, y<1. 


Nott. The number y is known as Euler's Constant. It can be shown toat 
v =0:577215 .... Itis often convenient to state the theorem as follows :. 


Lt pty tent. ay tog NM+é,, where e,—>0 as n>a. 
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10. Series for log 2. Let s, be the sum to r terms of the series, 


1-$+4-...+(-1)®-!-+... to œ. 


1 1 1 1 1 ] 

then n=(145 tat. +5-)- a(atatat- | 
1 1 1 1 1 1 

a(ltgtgte te -(1+5+3+- i) 


=(y+log 2n + egn) — (y + log n+e,) =log 2 + Eon — En: 


Therefore 85,—>log 2. Also Sn}ı—Son—>0, hence S9_,4—>log 2. 


Thus, Jog 2=1-$43-...+(— 14.. to 00. 


11. The Exponential teal (1) For all values of z, real 
23 
or complex, the series ltet én -+.,, is convergent. Its sum is 
called the Exponential Function, and is is denoted by E(z), or by expz. 


(2) Theorem. Jf z=x+ıy where x and y are real, 


E(z) = lim (1+2 a =e" (cos y + t sin y). 


n> 


Proof. It has been shown in Art. 3 that the first of these equalities 
holds when z is real, and exactly the same proof holds when z is complex. 


Let l+-=14+- +12 p(cos ¢+esin d), where p>0 and —7<¢<z. 


For sufficiently large values of n, 1+ => 0; hence, since p>0, 
and pcos ¢=1 + , we have cos ġ>0, and -łn<ġ<}r. 
Also tan¢d=y/(n+z)—>0, therefore ¢->0, and ġ/tanġ—>l; hence 
lim ng =lim (n tan ¢)=lim {ny/(n +r} =y. 
Now #=(1 +- zy + ¥=(1 +- J sec?ġ; therefore pr=(1 +2) sec” ¢; 


2\4 ue 
and, since lim sec” ¢=lim(1+tan? ġ)?” = lim ( 1+ %3) = lim (e%°)?” = 1 
we have lim p"=e*;_ hence, E(z)=lim p" (cos ng + csin nd) 
and E (z)=e*(cos y +: sin y). 


(3) It follows that H(z) cannot vanish for any value of z, for neither e” 
nor cos y+ısin y can vanish. 
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(4) The function E(z) is periodic, and its period is 2er. 

For if k is any integer, positive or negative, the values of cosy and 
sin y are unaltered by adding 2kr to y. Therefore H(z) is unaltered by 
adding 2k to z, thus H(z+2ukm) = F(z). 


12. A Complex Index. When z is real, e is a multiple-valued 
function, except when z is an integer. - The real positive value of e? is 
called its principal value, and it has been shown that 

E(z) =the principal value of e. 

We take this equation as defining the principal value of e when z is complex. 

This implies that for imaginary (as for real) values of z, e* is to be re- 
garded as a multiple-valued function. 

For the present, we take e as denoting its principal value defined by E(z). 

Thus if z=x2+.u, and z =g +y’, we write 

e? = E (z)=e" (cos y +1 sin y), and e” =e% (cosy +ısin y’); 
thus, ež . e?’ =e”. e” (cos y+ sin y)(cos y’ +4 sin y’) 
=ert+#! {cos (y +y') + sin (y +y) = et”. 
Hence the same index laws hold for imaginary as for real indices. 
Again, if a is real and positive and z is real, a? =e?!084= E (z log a). 


In agreement with this, tif a>0, we define the principal value of a as 
E (z log a) and, at present, we take a? as representing this value. 


13. Series for Sine and Cosine. For all real values of x and y, it 
has been shown that E(x+ y)=e*(cosy+cesiny). When x=0, this gives 


cos y+esin y = E (sy) 


ry? 
==] E a + ae 


yy A ( CHENE ) 
Srbe R ace mE OT S 
-gratinats 
Equating real and imaginary parts, we have, for all real values of y, 
2 , 3 45 
cos yal -ijt sin y-¥—/5+/5- 


14. Exponential Values of Sine and Cosine. Using e* to 
mean exactly the same as H(z), by the preceding, 


cosyt+esiny=H(ly)=e¥%, cosy—esin y=E(—ty)=e-; 


l 1 
therefore cos y=} (eY +e), sin y= 2, (eY — e7). 
l wen, Ste athe? k 3 
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15. Series which can be summed by the 


Exponential 
Theorem. 


n 


(1) The series Su, - — , where u, is a polynomial in n. 
1 
We can find dp, a,,... @,, independent of n, so that 


Uyn=Agt+an+t+agn(n—1)+...+a,n(n—1)...(n—-r+]), 


and then 
an an gn-l gn—2 
a” ttn! — =A. . —t+@tb. E E, a 
n=0 7 [n 0 n=0 jn 1 ast l= i 2 n=2 |n — 2 
P grr 
‘ 
Festa es 0 ae 
= (Ay + 0,7 + yx? +... +4,2") e” 
Ex. 1. Find the value of £(n?+5)/in. 
Here n°+5=n(n—-1)(n-2)+3n(n-—1)+n+5; hence, 


putting a,=5, a,=1, 
a,=3, a3=1, and x=1 in the result above, we have 


Zamo (nF +5) =(5 +143 +1)e=10e. 


(2) The series Su,x"/(n+a)(n+)...(n +h) |n where u, is a polynomial 
in n and a, b,... k are unequal positive integers. 

Series of this kind can be summed as in the following example. 

Ex. 2.. Find the value of 


N= n2+] gm 


n=1 n42 Jn” 
Denote the sum by S, then 7 
_ pn=0 (n? +1)(2+1) 
M a 


-e xo 


Now (n*+1)(n+lh=n?+n?+n+1 


=a+6(n+2)+c(n+2)(n+1)+d(n+2)(n4+1)n, 
where a, b, c, d can be found by division, their values being a= —5, b=5, c= —2, 
d=1. Thus 


s= -5D eet I at Aa tae 
Now G : 2-5) 
SP egg l-ah EP Baer, 
D? ante 
ut S=; (10 z?) — -3 (5 — 5x + 22? — x°), 
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EXERCISE XXXI 
k\* 
1. Show that lim ( m 
xt) 


t>eo 
Find the sum to infinity of the series in Exx. 2-9: 


2 i eo 3 A E 
apj (2 (8 [4 [BO 
4 ce es 5 ge eee 
BeBe Ee TE TB 
1 1 1 1 Q3 38 4 
a a ae ee Mie ea oe ee @ e 8 y POPE I 
EEEE nat Bs 
23 33 43 x 2x? 32? 
Di en ee RE ee aa Siesta kes 
8. 1 EME oe A a Sal 
Prove that : 
o n-li nat 2 x 2 
10. 2, (+2) [0 = sal (2 3x +3)e” +42? — 3}. 
æ In-1 o(n+1) n eee 
i ee = — : , ae ot eC; 
11. 2, (+3) [m 4 (43 — 15e) 12. 2g Co x” =(1+ Tæ +622 -+ x?) 


n cos n 
13. If e% cos D£ =Ug HUE +... HUE +... then u„,=(@a? +b?) Ta ? 


where @ 2 tan~? : i 


16. Theorem. If —1l<zx<l, then 


E nat” 
log (1 +a)=x-57 +g +(-1) "a 

Proof. (i) Suppose that O<x<1. Let s, be the sum to n terms of 
the series, then 


ds 
= =l -gr.aet 


dx 
Let y,=log(1+2)-s,; then y,=0 when z=0, and 


1 —(-2)" 
l+ ` 


Therefore y, 20, according as n is even or odd. 
Hence log (1 +x) lies between s, and Sp4ı for every n. 


But Sn4i— Sa =(—-1)"a"t/(n+1)>0 as n=>œ, 
therefore 8n log (l+) as n->o, 
which proves this case of the theorem. (Cf. Ex. XXIX, 8.) 


(ii) The case in which z=1 has been dealt with in Art. 10. 
x B.C.A» 
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(Gii) When x<0, changing the sign of x, it has to be shown that 


A g" 
if O<a<l, then -log (1 -x)= SEtg tg testo tee. 
Let y, = —log(1-2x)-s,, where s, 1s the sum to n terms of this 
dy, 1 l-r a 
series; then y,=0 when z=0, and - ea ean aa >0; 


therefore y,>0 for every n. 


grl | 
‘Let al | ear, ta Wee then z,=0 when x=0, and 
dz. at y” ] gett) 1 x” +1 


Sk eS, = 0: 
dx l-x \l-z "apil Q- mpn “n+l (l= ae 


ntl 


l : 
therefore z,<0. Hence 0<y,< — and, since 0<a<l, 


n+l l-r 
the last expression +0 as n—>œ; thus y, >0 and s> -log (1-2), 
which proves the theorem in this case. 


17. Logarithmic Series. If —l<z<1, we have 


a a gia 
log (lta)=a-Ztg-..+(-1) j PE duasenudien (A) 
Changing the sign of zx, 
eE: qn : 
log (I-a)=-(e4 eso 4..454...), E S (B) 
and since log oe log (1 +x)-log (1-2), it follows that 
1+ ( gra ) 
] €7_,7? 3" ee AE E EE (C) 
l+xz n+l 1 
Writing Toe, ee that a are we have 
] 1 l li 1° ) 
— -e t nt a H. ...(D 
a ee la t3 (Qn+1 5 n+” (D) 


3 yd 
Ex.l. If0<x<l and s nets +s +... lo n terms, show that the error in taking 


l+z ogee ul 
28, as the au of log I: is less than mI Tow 
If R, is the remainder after n terms of the series, 
enti gents g?r +5 gent. 
"Sanyi 2n F3 2na tS onal | 
Jn +1 1 


n+) Iz’ 


l +r? trit...) ; 


'. the error =2Rp< 5 
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18. Series which can be summed by the Logarithmic 
Series. 


Ex.1. If kisa positive integer and |x|<1, then 


n=0 g” P 1 x ak _ \ 
pa nik ak (2+5 tt] + log (1 x) . 


n=o NS +n? +1 m 
Ex. 2. If |x|<1, find the value of Za tae ee © ; 
The series is convergent when |x| <1. Let S be the sum, then since 
MIRNE 141.143. 1. 
n(n +2) 2 n 2 n+?’ 
] a 3 x" 
ee SPO ye Ta IN a ‘ 
we have S= 2) (n—1)zx Poe a ae re 


l 3 r? 
= (og glee ~~ 553 z+% +log(1-2) } 

The method of kx. 2 can be applied to sum any series of which the general 
term 18 


Pxr"/(n+a)(n +b)... (n +h), 


where P isa polynomial in n and a, b,...k are unequal positive integers. 


19. Calculation of Napierian Logarithms. The number e is 
chosen as the base of the system of logarithms used in theoretical work. 
Such logarithms are called Napierian, after Napier, the inventor of loga- 
rithms. In theoretical work, log N means log, N; just as, in practical 
reckoning, log N means log,, N. 

The method of applying the equations of Art. 17 to the calculation of 
Napierian logarithms is exhibited in the following example. 


Ex. 1. Calculate log,2 to seven places of decimals. 


l+ l 111 1l 1 

Let a2; ee eae pe log, 2=2 fita atg gt}: 

Carrying the reckoning to nine places, we have 
1/3 =0:333 333 333 1/3 =0-333 333 333 
1/33 =0-037 037 037 ‘1/(3 . 38) =0-012 345 679 
1/35 =0-004 115 226 1/(5 . 35)=0-000 823 045 
1/3? =0:000 457 247 1/(7.3*)=0-:000 065 321 
1/3° =0-000 050 805 1/(9 . 3°) =0-000 005 645 
1/344=0-000 005 645 1/(11 .3")=0-000 000 513 
1/313 =0:-000 000 627 1/(13 . 3!) =0-000 000 048 


1/35 =0-000 000 070 1/(15 . 35) =0-000 000 005 
=0:346 573 589 
2 


0-693 147 178 
-.", log, 2=0-693147178 nearly. 
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The error in the value obtained for log, 2 is due to two causes : 


(i) We have taken 2S, for log,2. By Ex. 1 of Art. 17, the error on 
this account is less than 


247 1 ; 
47 ee 000 002. 
(ii) The error in the calculated value of 2S, is numerically less than 
2 x 8x 0-000 000 000 5=0-000 000 008. 


Adding the results of (i) and (ii), we see that 0-693 147 178 is an approxi- 

mate value of log,2 with an error numerically less than 0-000 000 01. 
"*, 0-693 147 168<log, 2<0-693 147 188. 

Hence, to seven figures, log, 2=0-6931472. 

Having found log, 2, the Napierian logarithms of the natural numbers 
can be found in succession by using formula of (D) Art. 17. 

The logarithms of successive prime numbers may be calculated by the 
following method, due to Borda, in which the series employed converge 
very rapidly. Using the identities 

T? — 3x +2=(x-1)}(x+2) and z?-3xr-2=(x+1)} (x-2) 
it will be seen that 
(x-1) (x+2) #2 —-3r4+2 1+2/(x-3x), 


(x+1}(z-2) z3—3r-2 1-2/(x3-3z)’ 
Z. log (x —1) +4 log (x+ 2) —log (x +1) — § log (x-2) 


See) 


-plar 3\g— 32) +5\ Se 
Putting x=5, 6, 7, 8, it will be found that 
log 2 ~2 log 3 +4 log 7 =0-0181838220 ... , 
4 log 2 +log5 - log 7=0-0101013536 ... , 
—2 log 2 + 2 log 3 -4 log 5 = 00062112599 ... , 


~$log3+4$log5+ log 7=0-0040983836 ... . 
Hence it can be shown that 
log 2 =0-693147180 ... log 3 = 1-098612288 ..., 
log 5 = 1-609437912 ... log 7 =1-945910149 ... . 
The logarithms of successive primes 11, 13, etc., can now be obtained by 
putting 7+ 2=11, 13, etc., in the formula. 
The method of the example which follows, in which logarithms to a base 
10 are calculated without the use of the logarithmic series, is of historical 
interest, being one of the methods given by Briggs. 
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Ex. 2. Obtain the logarithm of 7 to the base 10, by the use of square-roots only, to 
5 decimal places. 

In the reckoning below, when a square-root has been obtained which is greater than 


7, the square-root of the product of it and the last square-root obtained that was less 
than 7 is found next; and vice versa. Thus we have 


log V10 =log 3-162277 ... =log A =0°5, 
log V104 =log 5-623413 ... =log B=0-75, 
log ,/10B =log 7-498942 ... =log C =0-875, 
log V BU =log 6-493816 ... =log D =0-8125, 
log VCD = log 6-978305 ... =log E =0-84375, 
log VCE =log 7-233941 ... =log F =0-859375, 
and so on; until we arrive at 


log 7-000032 =0-845100 ..., 
log 6-999968 = 0845096 ... ; 


thus, log,, 7 =0-84510 to five places, and probably is equal to 0-845098 to six places. 


20. Calculation of Common Logarithms. We have 
logio V =log, N/log, 10. 


The expression 1/(log, 10) is called the modulus of the common system 
of logarithms and is denoted by u. It can be shown that, to fifteen places 


of decimals, 
u = 0-434294481903251. 


Thus logio N =p log, N, where u has the above value. 


21. The Hyperbolic Functions. (1) The functions known as the 
hyperbolic cosine, sine and tangent of z, and denoted by cosh gv, sinhz 
and tanh zv, are defined by 

Cer |e erie = = ee 
= +. x = ~e t = 3 
cosh x J sinh x go anh x ae 

The reciprocals of cosh x, sinh v, tanhz are called the hyperbolic 
secant, cosecant and cotangent of v, and we write 


l 
tanh x 


1 1 
sech z =——, cosecha=--——,_ cothz= 
cosh x sinh x 


(2) Hence the following equations : 


cosh? z —sinh?z=1, 1 -— tanh? z =sech? z, 


; d 
£ cosh z=sinh z, T sinh z=cosh z, — tanh z=sech?z. 


dx dx dx 
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Also, cosh(—x)=coshz, sinh(—z)=-—sinhz, tanh(—2)= -tanh 7v, 
so that cosh z is an even function, and sinh z, tanh x are odd functions 
of x. Graphs of these functions are shown below: rough sketches of the 
first two can be constructed quickly from the curves y=e”, y=e"* 
(see p. 309), by observing that, in Fig. 61, C is the middle point of AB, 
and ED=BC. The ordinate of y=tanh x is equal to the ratio ED/EC; 
this can be found numerically or by a geometrical construction. 


x 


Z T 
ae Y 
EA é y=e ;’ 
! 


1 yy 
B i tf, 
` / Ry NY 
w s g N 
~Y 4 Ñ 4 
N / A 
C `~ A- 
S. 1/ C 
4 Eran nr 
X ye 
yeelen ; ~~ Peery 
wa E X 
he 
=tan a 
y D/S 
Sr po e en ee ee 
Fig. 61. 


(3) Addition Formulae. We have 
2 cosh x cosh y = 3 (e? + e~*) (e + e7”) 
=} (erty 4 ety) + et—v 4 e- (2-9) 
= cosh (x + y) + cosh (x — y). 


Similarly, 
2 sinh x sinh y = cosh (x + y) — cosh (x — y), 
2 sinh x cosh y=sinh (x +y) + sinh (x — y), 
2 cosh x sinh y=sinh (x + y) — sinh (x — y). 
Therefore 


cosh (x+y) =cosh x cosh y +sinh z sinh y, 
sinh (x +y)=sinh x cosh y+cosh z sinh y, 
and consequently 
tanh x+tanh y 


manned) = 1+tanh z tanh y’ 


where in each equation the upper or lower sign is to be taken throughout. 
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(4) Using the exponential values of sin z and cos x (Art. 14), we have 
ete 
2 


elt z e~ ls 


- COS L= =cosh tz, 


L 
= sinh iz, 


] 
tan z = -- tanh zz, 
l 
and cosh x=cos ix, sinha=csinex, tanh z= tan iz. 


22. Inverse Hyperbolic Functions. Let y=coshz, then 
e*+e-*=2y and e?*—2e*y+1=0, 
therefore e =y- (47-1) and x=log {y+,/(y*—I1)}. 

Thus if y>1, there are two real values of z, equal in magnitude and 
of opposite signs, which correspond to any given value of y. 

The positive value is denoted by cosh~!y, so that 

cosh™ y=log {y +./(y?— 1)}. 

Next, let y=sinhz, then e*-—2e*y-—1=0, and since e*>0 for real 
values of z, we have e*=y+,/(y?+1), so that z=log {y+/(y?+1])}, 
and we write 

sinh-! y =log fy + 4? + 1}. 


Again, if = 2 aaa 
8 y=tanh z a 
then ge = a and x=ġ$log l+y i 
l-y l-y 
Hence we write 
tanh-" y= log ee 


Thus cosh-'y is a single-valued and continuous function of y (see 
Ch. XVII, 21) for all values of y>1; sinh- y is a single-valued and con- 
tinuous function of y for all values of y; tanh~'y is a single-valued 
and continuous function of y over the range -l1<y<l. 


EXERCISE XXXII 


The notation of Art. 9 is used in Exx. 2 and 3. 


l ] ] l 
1. Show that gl TO gs . tgz > log 2 a 


1 

2. Prove that 1+3 +5 +. +g =log2+hy +4 log n + ern ~en so that 
1 ] (ee 

1+8 +3 +... +è logn > log 2+ ay. 
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3. Let the series 1-4+4-—}+... be deranged as follows. Write down the 
first p positive terms followed by the first q negative terms, then the next p 
positive terms followed by the next q negative terms, and so on. 

Prove that the series so deranged is convergent, and that its sum is 
log 2 +4 log p/q. 


[Let o, be the sum of the first r groups of p positive followed by q negative 
terms, then 


=(143 te tz) tatt +Š) 
B 3 °° aay, 2 2 3 ` rq 
= (log 2+4y +4 log pr + espr —€p,) —3(y + log qr +e,,) > log 2 + log p/a. 
Also, if s,, is the sum to n terms of the deranged series, r can be found so that 
all these terms are contained in o,, but not in or_ı Thus o, —3s, is the sum of a 
finite number of terms each of which->0. Also r+>o as n-o, and 
consequently s,, —> log 2+4 log p/q.] 
4. Use the series for log (1 +x) to show that: 
(i) if O<a2<1, then 0<2-log(1+2)<}2?; 
(ii) if -l<a<0, then 0<2 -log (14+2)<$27/(1472). 
[For (ii) let z= -y, then O<y<1 and 
~log (l—-y)=y+dy?+4yt+..<ytdy(liyt+y?+...), ete] 
1 1 1 1I 1 
„d E E a S eh. 
5. (i) Show that log 50 -log 49 = p L50 * 9 50273 gpt } 
(ii) Hence calculate log,, 7 to five places of decimals, given that 
logio 2=0-301030, p=0-434294. 
Í 1 1 1 1 1 ) 
6. (i) Show that log, 1-l=2u pi Va op g OEY i 
(ii) Given u =0-434294, find log,, 11 to five places of decimals. 


=9 ee ee eee ) 
TTP 18573 25°75 255 0f" 
(ii) Given that log, 2=0:301030, logio 3 =0:477121, p=0:434294, find 
logy» 13 to five places of decimals. 
8. (i) Show that log, (1+2x+2*)=log, (1-25) —log, (1-72). 
(ii) Expand log, (1+2-+<?) to six terms, and show that the coefficient of 


x” in the expansion is —2/n or l/n according as n is or is not a 
multiple of 3. 


9. Find the coefficients of 24” and 2‘™+1 in the expansion of 
log, (1 +z +z? +28). 


7. (i) Show that logio +5 


Sum to infinity the series in Exx. 10-14. 


1 1 1 1 1 l 
10. 1.9°3.4°5.6° °° 11. 1.2 2.3 34” 


l l 1 l 1 x x? zx 
12. igts gtz atj gt 13. iatz atg gtr gtis 


x? xê gen 
g l TAT Ppi eee Sear E or cae eon 
14 ta tigt +i t 
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15. In the expansion of (1+ 6x” +cz*) log, (1+2), 


(i) Find the coefficients of x? and 2‘, and determine the values of b 
and c so that each of these coefficients may vanish. 


(ii) Giving to b and c the values so determined, expand the given 
expression as far as the term containing z5. 


x+azx? 


1+bx+cz? 
the best possible approximate values of log, (1 +x) when zx is small. 


16. (i) Prove that (6 + 6x +x?) log, (1+2) - (6x +32?) 


(iii) Hence find an expression of the form which will give 


ge J 2-2 1:2 2.3 3.4 ia l 
=? 13.4.5 4.5.6°15.6.7 S 
(ii) Denoting the series in brackets by U,- Ua--U3—.-.., prove that 
Un (n+1)? 


Una (n-l)(n+4) 
(iii) If O<a%<¥, show that U, <un 
: ' 2 6a + 32? 
(iv) Hence show that if O<a<5, then or m 
of log, (1+x), with an error in defect less than 2x5/180. 


759 
17. Use Ex. 16 (iv) to show that 59003 


with an error in defect less than 5/1011. Hence find log,, 1-024 and log,, 2, each 
to ten places of decimals. 


18. If a—~b=h, where h is small, show that 


tse 
(> a ta a Da 2a8 


2(2=8) 2/03 oa w 
(i) a+b +3 a+b/ a a2 * r to" 


(iii)* Hence show that, if a is nearly equal to b, 


is an approximate value of log, 1-024, 


a a-b/l 1 
log, 5 = -57 aTa » nearly, 


the error being approximately equal to (a — 6)?/6a°. 


Sum the series in Exx. 19, 20°: 


n=% n+] a n=% (n1)? | 
19. Znal nm +2)” 20. Pie nm +3)” 


21. If 3, is the sum to n terms of the series 


1 1 1l 1 ý 
1.2.3 5.6.7 ty, 10.11 3314.15 


prove that 
Os ] 1 ] l 


n` n+l t3 m48 °° tin- 
Hence show that the sum to infinity of the series is } log 2. 


* This is Napier’s formula. 
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22. If s„ is the sum to n terms of the series 


] ] l l 
2.3.4'5.6.7'8.9.10* 0 t Bn D3nBn h 
prove that 
28 a a a ee 
"n+l n+2 n+3 3n+1 

Hence show that the sum to infinity of the series is } (log 3 — 1). 


23. Prove that 
fe eee E l +$ to æ =log 2-4 
17200 9.4.5 5.60 OAT 
A 1 1 l 3 5 
8.94 3.4.6.0 6 6.76 9 53 l82-rr 
24. By expanding log (1+2z-+2?) in various ways show that 
(1) AA te (- I? or (—1)""? according 


as n is of the form 3r or 3r+1l. 


Ge e e e 2 ah. 6b aes 


do u E 
cording as n is of the form 3r or 3r +1. 
n(n+1) (n-—I)n(n+1)(n+2) (n-2)(n-l)n(n+1)(n+2)(n+3) 


E E - 7 
G p (-2)3 
n+l 2n+1 
according as n is of the form 3r or 3r +l. 
À 1 3 
(iv) C2 -40%+! 440%? -4CF +... =0, z p OF $ according as n is of 


the form 6r, 6r +1, 6r +2, 6r-3. 
[These are obtained from the identities : 
(i) log (1 — x°) - log (1 - x) =log {1 +2(1+2)}; 
(ii) and (iii) log (1 —z*) — log (1 — x) — log (1 + x2) =log fi TE, : 
| 1l +22f 


fis 


(iv) log (1 — x?) — 2 log (1 — x?) + log (1 — x) =log | red | 


25. Use the identities 
xi — 25x? +144 =(x +3)(x -3)(x+4)(x- 4), xt- 252? =27?(x+5)(x —5) 


to show that 
log (x +3) + log (x —3) + log (x + 4) + log (x — 4) — 2 log x — log (x + 5) — log (x — 5) 
9 72 +3( 72 \8 
~ (at 2522472 3 Ae) Ba 


This formula is useful in finding the logarithms of large primes. 


CHAPTER XX 
CONVERGENCE (2) 


SERIES OF PosirivE TERMS (Continued) 


1. Cauchy’s Condensation Test. If f(n) is a (positive *) de- 
creasing function of n, and a is any positive integer >1, then the two series, 
fin) and La*f(a"), are both convergent or both divergent. 


Group the terms of 2f(n) as follows: 


{f(1) +f) +... + f(a}, 
+{f(a+1) +f(a+2) +...+f(a*)}, 
+{f(a?+1)+f(a?+2)+...+f(a)}+..., 

where, if v, denotes the sum of the terms of the nth group, 
V,=f(a" +1) +f(a"-1+ 2) +... + f(a"). 


The number of these terms is a” —a”-1, and since f(n) is a decreasing 


function, 
(a — a") f(a") < v < (a” — a") fla") ; 


` (a - Ia" f(a") <v,<(a~1)a"-1f(a"-), 


Now, if Za”f(a”) is convergent, so alsois 2v,; and therefore 2f(n) con- 
verges (Ch. XVI, 5). If Za”f(a”) is divergent, so also is Xv, ; and therefore 
2'f(n). diverges. But a series of positive terms must converge or diverge, 
therefore Jf(n) and a"L f(a") are both convergent or both divergent. 


2. An important Test Series. The series X — ws conver- 
gent if p>1 and divergent if ps1. LOBA 

If a is any positive integer, this series is convergent or divergent accord- 
ing as the series 2v,, is convergent or divergent, where 


a” l l 


"n= Gn(loga”)? (loga)? n?’ 
Since (log a)? is constant, the given series is convergent or divergent according 


as 2 1/n? is convergent or divergent, that is according as p>1 or p<. 


ey fy case, the terms of the decreasing function f(n) are ultimately of the same sign (Exercise 
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3. Kummer’s Test. Let Su, and 2'1/d,, be two series of positive 
terms and suppose that Zi/d, is divergent; also suppose that 
Vn = Oy Un/Un ir — n+l? then 

(i) if a fixed number k can be found so that after a certain stage, say 
for n>m, v,>k>0, the series Lu, ts convergent ; 

(ii) if vn <0 for næm, Lu, ts divergent. 


Proof. (i) Putting m, m+1,..., n—-l in succession for n in the given 
condition, we have 
dnm = don 4.1m 41> kumt» 


Ammy din+9m42> kUmso 


1 l 
whence Umr Umaga tor + Un< 7 (d mnum — Anun) < i dntm 
Thus if s, is the sum to r terms of Lu,, 


Sn < Sm + : Antlm, a fixed number ; 


therefore Zu, is convergent (Ch. XVI, 7). 


Un 


(ii) Since d, 


-da1 <0 for n>m, we have 


dmm <mt Um+ aS <d,Un; 


Uns 


therefore u,,>d,,u Now dmum 18 a fixed number and 21/d, is 


mg 
n 
divergent, therefore Zu, is divergent. 
Nore. If v,->0 we cannot find k so that v,>k>0 for n2>m, and the test fails. 
In part (i) of the test, X1/d, need not diverge; in fact, d, may be any positive 
function of n. 


4. Raabe’s Test. Let Zu, be a series of positive terms, then 
(i) of after a certain stage, say for n>m, 
n( a ~1)>k>1, 


Und 
where k 18 a fixed number, then Lu, is convergent. 


Gi) If (Ye -1) <A, then Zun is divergent. 
Und 
This follows at once from Kummer’s test by taking d =n, giving 


mG. 


n+1 
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In particular, if lim n( a — 1)=1, then Siu, converges when l>1 and 
n+l 


diverges when 1<1: but if l=1, the test fails. 
This test may be tried when D’Alembert’s test fails. 


; ; “Lid 2 
Ez.1. Consider the convergence or divergence of z+ z t345 +e 
Un _2n(2n+1) 1, . un 1 
Here e lim A 


By D’Alembert’s test, Zu, converges if |z|<1 and diverges if |x|>1. If |z|=1, 
the test fails ; with Raabe’s test, however, we have 
; Un, yn Gne—-n 3, 
lim n( = 1 )=lim (ni) =: p37! : 
therefore Zu, is convergent. 


Nore. This series is the expansion of sin-!z, and was discovered by Newton. 
From it, he deduced the series for sin x. 


5. Gauss’s Test. Let Lu, be a series of positive terms and suppose 
that Unun; can be expressed in the form 


Un+1 n n?’ 
where p>1 and | b, |<a fixed number k or (in particular) b, tends to a finite 
limit as n—>œæ , then Lu, converges if a>1 and diverges if axl. 


Proof. First suppose that a1, then 


u b 
n(.“* 1) =a+ nia as n>, 
u n?- 
n+l 


for | b | <k and p>1. Therefore, by Raabe’s test, Zu, converges if a>1 
and diverges if a<1. 

If a=1, Raabe’s test fails and we apply Kummer’s. Taking d,=n logn 
in Art. 3 we have 


V,=nlogn: a —(n+1) log (n +1) 
Un 


1 6, 
=n(1 +o) log n —(n +1) log (n +1) 


n , oan 
n+l n? 


=(n +1) log bn 


n 1 
Now (n+1)log-- > =(7+1)loøg(1 -=)> -1 as n—> 00 
logn 


and nP-1 


-b,->0, for p>1 (Ch. XIX, 7, (5)), and |5,/<h. 


Therefore v,—>—1 and, after a certain stage, v,<0. Hence Zu, is 
divergent. oh 


i 
vG 
2 
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In many cases w,/u,,, can be expanded in a series of powers of 1/n, 
and we have the following rule : 


u a b 
If ee e s 
Uni n n 


the series being convergent for sufficiently large values of n, then Xu, is 
convergent if a>1 and divergent if a<1. 

For in this case 6, is the sum of a convergent series. 

This is the most generally useful test for series of positive terms, and in 
cases where it applies, it is better to use it at once instead of beginning 
with D’Alembert’s and Raabe’s tests. 


}?). F314. 3*.08 


Ex. 1. Discuss the convergence or divergence of gat oa gat oa ga gz t 
2 
By division we can show that “n (355) =] : +n, 
noi \2n+1 n n 
1 1 1 \3 1 
where bp- =j(1+5 tm) >- as n>a. 


Therefore by Gauss’s test the series is divergent. Here the tests of D’ Alembert and 
Raabe both fail. 


CONTINUED FROM CH. XVI, 25 
6. Binomial Series. When x= —1, the series 
n(n=1) n(n 1)(n- 2) 
|2 [8 
converges uf n>0 and diverges if n<0. 


When z= —1, after a certain stage all the terms have the same sign. 
Denoting the series by ug+ uj +ua+..., we can show by division that 


ling+ x + 


os oe r+] =] ntl a 
Ups) n—rT r r 
where b.=n(n+ 1) JQ -”)>n(n+1) as r>. 


Hence, by Gauss’s test, the series converges or diverges according as 
n+121, that is according as n = 0. 


Apparently the test says that the series diverges when n=O, but here 
the reasoning fails because u,/u,,, is of the form 0/0. 
7. The Hyper-geometric Series. The series 


“a.B oa(«a+1)B(B+1) 
ie lo Gay T? +... 


is known as the hyper-geometric series, and is of great importance. 
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If none of the constants a, f, y is a negative integer, the series is endless, 
and we shall prove that 
(i) the series is absolutely convergent if |x|<1, and is divergent if 
pejl; 
(ii) when x=1, the series converges if y>a+ PB, and not otherwise ; 
(ili) when x= —1, the series converges if y+1l>a+ 8, and not otherwise. 


Proof. Denoting the series by u+u,+...+U, +... Where 
a(x+1)...(a+m—1)B(B+1)...(B+n-1) , 


oe 3 


no — 1.2..n.y(y+1).. Pa -1) 


up _(L+n)(y +n), (145 )(14 a) 


we have sete 


Uns, (a+n)(B+n) e (148) 


(i) Hence the series converges absolutely if |x|<1, and diverges if 
| 2|>1. 

(ii) When x=1, u,/un,,->1. Hence, after a certain stage, the terms 
have the same sign. 

Applying Gauss’s test, we can show by division that 


wml (y+ laf) +8 
viele ban (A4) [C148 (148) 


and A, B are fixed numbers. Thus 6,>A and Lu, converges or di- 
verges according as y+1l—a—f>1 or <1, that is according as 
yoatB or yx<a+fB. 
(iii) When x= —1, after a certain stage, the terms are alternately posi- 
tive and negative. 
Also | upy |<] uy] if («+n)(B+n)<(L+n)(y+n); that is, if 
ap+n(a+B)<y+n(l+y), 


or if 1+y-a-B>(aB-y)- 


This is true for sufficiently large values of n if y+1>a+f. 


an 


—>y+l-a-f as 


Again, as in the preceding, 
n+l 


n—>œ. Hence by Ch. XVI, 24, u„,>0 if y+1l>a+ 8, but not other- 
wise. Therefore by Ch. XVI, 14, the series converges if y +1>a+$ß, but 
not otherwise. 
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8. De Morgan’s and Bertrand’s Test. Let Lu, be a series of 
positive terms, and suppose that u,/u,,, can be expressed in the form 
Un ya), n 

aid n niogn’ 

then (i) tf after a certain stage a,>1+k where k is a fixed positive number, 
LU, t8 convergent. 

(ii) If a,<1, Lu, ts divergent. 

Using Kummer’s test, we take d =n log n. Then, as in Art. 5, 


V,z=nlogn. 2i —(n+1) log (n+1) 
Und 
1 
=(n+1) log € -~— ) Haw 


Therefore v,—>a,,—1 as nœ. Hence Lu, converges if a,>1+k and 
diverges if a,<1. 


l ) 1 be, che 
If a, =1, v,<0, for log € EE <- rire therefore Xu, is divergent. 


SERIES WITH TERMS POSITIVE OR NEGATIVE 


9. Theorem. If Xu, ts a convergent series of positive terms and 
Ais Ay, Ay, ... 18 a sequence of real numbers, positive or negative, and all 
numerically less than some fixed number k, then La,u,, 1s absolutely con- 
vergent. 


For | nti4mor|+| mso%™moe| ++ +| ampum] 
=|Omi1|Umii+| mse | Umat- +| Oman | Umer 
<K (yy 41 Umat.. t+ Umi): 
Since Zu, is convergent, we can find m such that for all values of p, 
Umi tUm to +Umpp elk, 
where e is any positive number, as small as we choose. Therefore 
| am+1tm+ | +| mse%mie| +--+] amtptmty| <e. 
Hence 2a,u, is absolutely convergent. 
Ez.1. If Zu, ts a convergent series of positive terms, Zu, cosnl and Eu, sin nO 
are absolutely convergent for all values of 0. 
10. Abel’s Inequality. Jf u,, ug us,... is a sequence of real 
numbers such that <U + Ug + ua +... +U, <h 
for the values 1, 2, 3, ... n of r, and if a,, dg, az, ... 18 a decreasing sequence 
of positive terms, then ql <QyU, Hagg +... + Any, <a,h. 
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For let Sq Uy Ug +... + Ups 
and ty = A,Uy + Ugly +... + apun 

Then u,=S,, Ug=S_—S,, Ug=S3— Sg Cete., therefore 

tn = G18, + Ag (Sp — S1) +... + An (Sq — Sy_y) 
ie (a, = Ay) Sy + (az~ a3)S2 i oe (an-ı —An)Sq_1 + anSn 

Now the factors a@,—@., Qa- dz ... An-1— 4an Gy, are positive or zero, 
and their sum is qj. 

Also Sis So... Sn are all greater than l and less than A. 


Therefore al<t,<a,h. 


11. Dirichlet’s Test. If Xu, converges or oscillates between finite 
limits and a,, dg, a3, ... is a decreasing sequence of positive terms which 
tends to zero as a limit, then La,u, vs convergent. 

Let Sn = Uy t+ Ug +... HUn 

Since Lu, converges or oscillates finitely, we can find numbers h, l so 
that, for all values of m and p, 

L<Sm4p —~Sm<A; 


that is to say, 
lUum tUm tos +Umpp <A. 


Therefore, by Abel’s inequality 


Am4 <lm+1Um+1 T Am +2Um +2 Tee t+ Bm + pUm+p Am aah. 


Now @,,,;—>0 as m-+00, therefore for any e we can find m so that 


| Am+iUm+i t+ Um4elmi2t ++» tT 8mspUm+p | <E; 


hence Žapun is convergent. 


Ex.l. If (a,) is a decreasing sequence of positive terms which tends to zero as a 
limit, both the series Xa, cos n@ and La, sin nO are convergent unless 0=0 or 2kr, in 
which case Za,,cosn§ diverges. 

For if 0 is not a multiple of 27, the series £ cos nô and 2 sin n oscillate between 
finite limits (Exercise XX VII, 24, 25). 

Hence the result follows by Dirichlet’s test. 


12. Abel’s Test. If Zu, converges and a}, dg, ds, ... is a decreasing 
sequence of positive terms, then XA,Uy, is convergent. 
For as n tends to infinity, a, tends to some limit l, therefore 
a, -~l-—-0. 
Hence by Dirichlet’s test, 2'(a,—l)u, is convergent; that is to say, 
Sapun —lEu, is convergent. | 


But Zu, is convergent, therefore La,u,, is convergent. 
Y B.C.A. 
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POWER SERIES 


A series of the type 2a," is called a Power Serves. In Arts. 13-15, 
x may be real or complex. 


13. If Xa z” converges (absolutely or conditionally) for x=x,, it con- 
verges absolutely for all values of x such that |x|< | x, |. 


For since Zaz,” is convergent, a„x;”—>0. Therefore a positive number 
k exists such that |a,2,"|<k for every n. Hence if |x| <| zl, 


| x 
| @,2"| =| a,2,"| ° | a, 


Therefore every term of X| apx” | is less than the corresponding term 
of the convergent series 


k+k ae 


m 


1 
Therefore X| a z” | is convergent and Za„z” is absolutely convergent. 


14. If Zaz” is non-convergent for x=x,, it is non-convergent for every 
x such that |x|>| z]. 

For if the series converge for £z=xz, where |2z,|>|2,|, by the last 
theorem it converges for z=2,, which is contrary to the hypothesis. 


15. With regard to the serves Za x”, either (1) it converges for x=0 and 
for no other value of x, or (ii) it converges absolutely for all values of zx, 
or (iii) a positive number R exists such that Sa, x” converges absolutely 
when {x|<R and is non-convergent when | x|> R. 


Proof. Suppose that there is a value of x other than zero for which 
2a," converges. Also, suppose that there is a value x’ of x for which 
it is non-convergent. Choose a positive number a greater than |x|, 
then, by Art. 14, the series is non-convergent for z=a. 

Divide the real numbers in the interval (0, a) into two classes. 

The lower class is ta contain every real number r such that La,” 
converges if |z|=r. The upper class is to contain every real number r’, 
such that 2a,x" does not converge if |z|=r’. Both classes exist, and 
it follows from Arts. 13 and 14 that every r is less than any 7’. 

Therefore the classification defines a real positive number R which 
separates the classes and may be assigned to either class. This number R 
is such that Za„z” converges absolutely if | z|<R, and is non-convergent 
if |x|>R. Nothing is said as to what happens when | z|=R 
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By writing R=0, R=o in the exceptional cases (1) and (ii) respec- 
tively, these may be included in (111). 
All that has been said applies to any power series, real or complex. 


16. For a real series a,x", the interval (-— ÈR, R) 1s called the interval 
of convergence. The series converges absolutely or is non-convergent 
according as x is within or outside the interval. At either end point 
Ža„z” may converge, diverge or oscillate. 

For a complex series 2a,2", R is called the radius of convergence. The 
circle (O, R) with centre at the origin and radius R is called the circle of 
convergence. The series converges absolutely or is non-convergent accord- 
ing as the point z is inside or outside the circle. If z is on the circum- 
ference, the character of the series is not determined. 


17. Let Xa,2" be any series, real or complex, and suppose that 


lim | @y43/@n | =L 


son [Ogee 
Then lim | re =! 21, 
and it follows from D’Alembert’s test that R= 1/l. 


1 1 
Again, if lim|a,|*=1, then lim|a,:"|"=1|z|, and by Cauchy’s test 
R=1/l. 


18. In considering the behaviour of a complex series at points on its 
circle of convergence, the following theorem is often useful. 

If (a,) ts a decreasing sequence of positive numbers such that a,,,/a,—>1 
and a,->0, then, (1) if La, converges, La,2" converges absolutely at every 
point on its circle of convergence, (11) uf La, diverges, Xa,2z" converges 
(though not absolutely) at every point on the circle, except at the pont z=1, 
where it diverges, (111) the same statements hold for the series &( —1)"a,2", 
except that it diverges at the point z= —1, when 2 (-1)"a,, is divergent. 

For 1/R=hma,,,/a,=1, and at a point on the circle of convergence 


an2” =a,,(cos 0 + ı sin 0)” =a, (cos nO + ı sin nô). 


Moreover, (1) if Za, converges, both ŽZa„cosnð and 2a, sinné are 
absolutely convergent (Art. 9, Ex. 1); therefore 2a,z2" is absolutely 
convergent when |z|=1. (i) If 2a, diverges, both 2a, cosn@ and 
Sa, sinn@ converge unless 0=0 or 2km, in which case 2a, cos n0 
diverges (Art. 11, Ex. 1). Hence the statement (11) follows. 

(111) This follows from (i) and (ii) on substituting -z for z. 
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19. If 2a,z" converges when z=z,, by Art. 13, it is absolutely con- 
vergent when |z|<|z,|. Denoting its sum by f(z), we shall prove that 


S (2) = Gy +a; +a? +...+(a,+7)2", where |n|—>0 as |z|->0. 
We have NZ” =A, 2"t! + app tH... 


b] 
and Lo |<] ag ge] +] appa") baa 


As in Art 13, we can find a fixed number k, such that for every r, 


| a,2,°|<k; and therefore |a,z7|<k 2 ; and thus, if |z|</ z], 


g |nt+l g |n+2 ) g n+l |z 
an <k {|= +l +..7=kh.[-) «HR. 
| 2 1 J Ži |z] -|2| 
k Iz] 
Hence if z=0, e E 
[zal [za]-]z] 
Therefore In]—>0 as |z|—0. 


20. Criterion for the Identity of Power Series. If La,2"°=26,2" 
for every value of z whose modulus is less than some number u, then a,=6, 
for every value of n. 


For by Art. 19, for every n, 
Ag tO +a? +... + (a, +7) 2" = by tb + O42? +... + (b,4+7')2", 
where ņ and 7’ tend to zero as | z|—>0. 
By making | z|—>0, it will be seen that | a) — bọ | <any positive number, 
however small, and since dg, 0) are constants, it follows that ay = bo. 


Since the above equation holds for values of z other than zero, we 
can divide by z, therefore 


Ay + Ag? +... + (an +) 2" =b; +b +... + (bn +) 22-1. 


Making z—>0 as before, we have a,=b,, and by continuing the process, 
a,,=b, for every n. 


21. Binomial Series. We consider the convergence of the series 


n(n—1) , 


KERIS P e a ; 


|r 
where n is real and z complex. 
Denoting the series by ug +u,Z +u +... , we have 


r+] 


N-T 


| u, | 


R= lim 


ro | Und) 


== lim =], 


T—> 0 


Therefore, it follows from Art. 17 that 


(1) The series converges absolutely if | z|<1, and is non-convergent if z>1. 
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When |z|=1, the point z is on the circle of convergence, and we 
shall prove that 


(ii) If n>0, the series converges absolutely at every point on us circle 
of convergence. 


(iii) If —1<n<0, the series converges (though not absolutely) at every 
point on the circle, except at the point z= —1, where it diverges. 


Let accents indicate absolute values, so that u,’=|u,|, then if r>n, 


/ 
i a 
4 


u, rt 


Therefore u,,,=u,, according as r—-n=r+1, that is according as 
n=-l. 

=> 

If n<-1l, u, increases with r, or is constant and the series cannot be 
convergent. 

If n>-—1, we apply the theorem of Art. 18. After a certain stage, u, 
is a decreasing sequence, u gl pel and, as shown in Ch. XVI, 25, 
u, —>0. 

These are the conditions required in Art. 18, to apply the theorem of 
this article, and we have to consider the convergence of £u,. 

After a certain stage, the terms of u, are alternately positive and 
negative, so that Zu, 1s convergent or divergent, according as 2(—1)"u, 
is convergent or divergent, that is according as n=O. (See Art. 6.) 

Hence the statements (11) and (11) follow immediately from Art. 18. 
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22. If uj +ug+uz+... and v,+0,+0,+... are convergent series of posi- 
tive terms, or if they are absolutely convergent real or complex series, their 
sums being s and t respectively, then the series 

UV, + (Uy0g + UaV) + (U,V + Ugly +Ugd,) +... 
is absolutely convergent and its sum is st. 


Multiply the terms of u,+u g+u z+... by Vi, Vg, Vz... and arrange the 
products as below. 


Uis Ug}, Ug, ... 
se Ma i a La oe ee (A) 


@eeovneeaeasveavr sense eeseanvnesseeensne 


This array extends to infinity on the right and below, and we shall consider 
two ways of arranging the terms so as to form simply infinite series. 
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Let s,, ¢, be the sums to n terms of Sun, Zv, respectively ; then if 
co, 18 the sum of the first n terms of the first n rows of (A), we have 


On =Syly > Sl. 


Draw a set of squares, as in Fig. 62, where the terms are represented by 
dots and the nth square just contains the terms in o,. Then the terms 
in (A) can be arranged to form the infinite series 


UV + (UVa + UgVe + Ugd,) + (U Vg + Ugly + Ugly + UVa + Ugly) + ove p eeeeee (B) 


where the nth term is the sum of the terms of (A) between the nth and 
the (n —1)th squares. 
The sum to n terms of this series is ø, and its sum to infinity is st. 
Again, the terms of (A) can be arranged to form the infinite series 


U,V + (Uia + Ugd,) + (UpVs HUW HUW) +c.  ceccecccceceens (C) 


where the nth term is the sum of the terms between the nth and the 
(n—1)th diagonals, drawn as in Fig. 63. 

If the brackets are removed in (B) and (C), we have two series which 
differ only in the arrangement of terms. The first series is absolutely 
convergent and its sum is st; this is therefore also true for the second 


series (Chap. XVI, 5, 6 and 19). 


3 


2 
Ex.. If E(x)=1 Tek 4 ae ae , prove that, for all valucs of x and y, 
ese 


E(x). k(y)=KE(x+y). 
The series equivalent to E(x) and H(y) are absolutely convergent, therefore 
E(x). E(y)=l+d,t+d,+...+d,+..., 
_ wn gn) y gn-s y? y” a (x +y)” i 
m "atai aan tie e 


<. E(x). E(y)=E(x +y). 


In Arts. 23 and 24, the series (C) will be denoted by Zd,, where 
dn = Uy + UgUy_y + Ugl yg Hace HUn 3 


it should be noted that, in every term of d„, the sum of the suffixes is n +1. 
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23. If Xu, and Lv, are convergent with sums s and t respectively and 
one of these series, say Zun, 18 absolutely convergent, then Xd, is convergent 
and its sum is .st. (Mertens.) 

Let sn, tn, D, be the sums to n terms of Zup, Lv,, Xd, respectively. 

Considering the array (A) in Art. 22, it will be scen that 


Snin — Dy = Ug + UgW + UgWs +... + UnWyiyy ceeeerecerceees (B) 
where Wy =Un, Wg= Vna HUn Wy =V HUn- + Uns 
and generally WO, rcm + Ormea tes PUR 
lastly Wy = Vq HV +... Un 


The series 2'v, 18 convergent; and hence (i) we can find a positive 
number u such that [v,+0,4,+Upy9 +--+ Up] <e for r>p, where e 
is an arbitrarily small positive number; and therefore 


|w,|, | wel, ... |w,|, are all <e, provided that n-~m+1>p);...(€) 


(ii) the sequence (¢,) is bounded; hence we can find a positive 
number k such that |¢,|<A for every n, and consequently 


lmirl> Umas heel Unal areall <k. 


We therefore consider separately the sum of the first m terms of the 
series in (B), and the sum of the remaining terms, where m is to be properly 


chosen.* Let = P= u.w, + UgWy +... + Umi ms 

Q = tno mit t Uma gemeg tees $UnWn—1 3 
then LP |<] uy] [ary] +L ety Perel tees EALA 

<{| us| +| ug] +... + | trai lte 
with the condition (C). Hence, if s’ is the sum of the convergent series 
Z| unl, then | P| s'e. 

Also |Q|S]| umio] | mia] +| Umis| | Umia] te +] Un) | Enl 
<{| Um | +| Um is | Fere E Un |} k, 

and since 2’| u, | is convergent, we can find a positive number p’ such 
that | mie | +| mag] +e. +], |<e, provided that m+2>y’, ...(D) 
and then | Q |<ke. 

The conditions (C) and (D) are satisfied if n>2m and m>either of the 
two, p—l and p'~2. Hence, as m, and consequently x, tend to infinity, 
|P|—0, |Q@|-+0 and s,t,-D,—>0, 

which proves the theorem. 


* This artifice is often useful. 
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24. If Xu, and Zv, are convergent with sums s and t respectively, and 


if Ld, is convergent, then its sum is st. (Abel.) 
Let sn t,, Dna be the sums to n terms of Zun, Lv,, Xd, respectively, 


then 
D, a Uilis D, — Ul + Ub, D, = Unt, + Usla + Urlas ete. 


Hence D, + Dat D+... + Dy = Snati + Syste t+ Sn. otg +- + Slp 
Now s,->s and ¢,->¢t, therefore by Ch. XV, 9, (4), 
"ali +8, ylo t+... + 8t,)—> st. 
Also, if D is the sum of 2d,, which is convergent, by Ch. XV, 9, (3), 
‘(Dy +D,+...+D,)->D. 
Therefore D=st. 


Ex.l. If -l<ax<l, prove that 
(log (1 +x) =d? - d,x3 + dzi — 


2 1 l 1 
where d= “ei lits tate. +2), 


Under suitable conditions, the rule for the multiplication of series gives 


gz? r? 2 4 
(z- 4- =a) zda —d x8 F daat H 


2a 
her Do ei : + : + : 
i r (ee OE TT 
a E a | 1 
aril bta tatty): 


If -l<ax<l, the series for log(1 +x) is absolutely convergent and the result in 


question holds by Art. 22. 

If x=1, the sories 1-344 -4+4... is convergent; and so is d, -d +d —..., for 
it is easily shown that d ,<dn.. and dn>0 by Ch. XV, 9, (3). Hence Art, 24 
applies, and the statement is true in this case also. 


EXERCISE XXXIII 


Prove that the serics : 
i Ra (res See ees Se 


1. M5 A R Y z+ ... is divergent. 


a a(a+l1) a(a+1)(a4+2) 


2. bh) b(b+1)(b +2)” is convergent if b-l>a>0, its sum 
-1 
being saa 
l a 1. 3 aļ(a+1) 3. 5 a(at+1)(a+2) 
3. 1+5° pto i b(b+1) 2.4.6 -hig gt | convergent if 


i -a)>l. 
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u nP +anP-1+bn?—? k 
4. If --” = = pee show that Zun is convergent if 
Uns nP +a/n?-4+b'n? 2 +... +k 
a-—a’>1 and divergent if a-a’ <1. 


5. The series X22" cos nð and Lx" sin nð are absolutely convergent if |z|<1. 
4 


6. The series X z cos nô and 2; > sinn@ are absolutely convergent. 


7. The series 2 7 oos nô and & ~ sin nð are convergent excepting that the 


first series diverges when 8 is an even multiple of v. 


1 l 
8. The series % = CO8 nô and 2 a sin nð are not absolutely convergent 


excepting the last series, when @ is a multiple of r. 

[Use the following : 

| cosn 0| > cos? né > } (1+ cos 2n6) and | sin nô | > sin? n@ > }(1 — cos 2n8).] 

9. If u,, Us, Us, ... is a decreasing sequence of positive terms tending to zero 
as a limit, the series 
Uy — Z (Ur + Ue) +$ (Uy + Ug + Us) — 

is convergent. 

[Denote the series by v,-—v,+v,—.... Using Ch. XV, 9, (3), show that 
Vis Voy Ug, --- 18 a decreasing sequence tending to zero as a limit.] 


10. Discuss the convergence of Xu, where 
uaa (Lbs bgt ton ) sin nb 
er gtat-- +y )sin nd. 
11. Show that, if 0<p<3, the rule for multiplication fails to obtain a 


convergent series for 
l I 1 1 2 
(pie yt 


[Show that the series is 1 —d,+d,—... where 


r=n l 
n= Aral Din ryj 
and r(n—r+1)<4(n+1)?.] 


n 
12. If a,=( l +2) e 7, show that the series whose nth term is a„-1 is 


absolutely convergent for all values of x. 
[a -l= 2. ee 2 therefore n?. |a sile eol as n-> œ. Also 
ý 2n* 3m ’ ie wae 2 ` 
& ljn? is convergent.] 


13. If F(a, B, y,2)=1+ OP pg e C ag 
that -y 1.2. ylyt+)) 
y Fla, B, ys) - (y-a) F(a, B+1, y +1, 2) =a(1—x) P(a+1, B+], y+1,2). 
Under what circumstances is this true (i) when x=1, and (ii) when z= -1 ? 


. and |x|<1, prove 


CHAPTER XXI 
BINOMIAL AND MULTINOMIAL THEOREMS 


1. A General Statement. The Binomial theorem asserts that 
the sum of the series 


n(n—1) 2 n(n —1)...(n—r+1) 
2 


Fot 
|7 


meae — 


l+nat+ 


LH... 


when convergent, is one of the values of (1 +x)”. (Of course, in a com- 
plete.statement, this value must be specified.) 

The series terminates if, and only if, n is a positive integer ; in which case 
the sum is (1 +x)”. 

This leads to the following theorem, which enables us to deal with the 
case in which n is any rational number. 


2. Vandermonde’s Theorem. The following notation is often 
used ; we write 
x ,=x(x-— l)(x-2)...(£x-r+1), 
where zx is any number whatever. Vapdermonde’s theorem asserts that 
of m and n are any numbers whatever, then 


(m+n), = mM, + CIM, ni + CRM, ota + cet Mp cecccccscecees (A) 


Proof. First suppose that m and n are positive integers ; then 


m m m 
(l+a)m=1+— et. H 


e pp 


n Ni Ne 2 Nr r 
(1 +2) E ager aa 


Pae 


The. coefficient of z" in the product of these series is therefore equal to 
the coefficient of x" in (1 +2)”+", that is to say, 
(m + n), _ M, MyM Mrono Ny 


“Te |r" (r-1il [r—2 127° e 


Multiplying by | r, we obtain equation (A). 
This equation holds for all positive integral values of m and n; and 
since each side is a polynomial in m, n it is true for all values of m, n. 
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3. Case of a Rational Index. If n is any rational number and 
—-1l<a2<l, the sum of the series 


is the real positive value of (1 +x)". 
We first give what is essentially Huler’s proof, although in the last step 
we have to assume a property of infinite series which is not proved till later. 


Euler’s proof. The series is absolutely convergent if |z|<1; denote 

its sum by f(n), and let 
n,=n(n—-1)(n—2)...(n—r4+]), 
so that 
No Ny 
S(n)=ltneteet..t eat... 
Ke : 

For all values of m and n, the series corresponding to f(m), f(n) are 
absolutely convergent, therefore by the rule for the multiplication of 
series, 

f(m). f(n)=14 dyx4+ dz? +... +d," +... , 


Mey Mea , Meane, r 

where OTe fr—-1]1*[r—-2]2° e 
Hence, by Vandermonde’s theorem, 
(m+n) 
d, = ly , 
ae 
bor WN) os 

and f(m). f(a) = 1+ (net e+ ESS 


l 2 at ak T 


so that FM) ff AN)., E (A) 
Hence = f(m) . f(n) . f(p) =f(m +n) . f(p)=f(m+n+tp), 
a similar result holding for any number of factors. 


Positive index. If n=p/q where p, q are positive integers, by the 
preceding, 


ag Or ae er se 
a) p(B)... to q factors fla f (p). 
P 2 p 
Hence f ( A is a q-th root of (L42)?. aons (B) 
Thus, z being real, if the real positive qth root of (1 +x)? is denoted 


P P 
by (1+2)*, we conclude that n) = +(1 +x), that is f(n)= (1 +z)”. 


With regard to sign, it will be shown in another volume that f(n) is 
a continuous function of x in the interval -1 <x <1. 
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Now f(n) does not vanish for any value of v in the interval, and con- 
sequently its sign is the same throughout the interval. 

But when z=0, f(n)=1, therefore the sign is positive and f(n) is equal 
to the real positive value of (1 +2)". 

Negative index. Let n be a positive rational. Putting m= -n in 
equation (B), 


JOD (SS OV SES a (C) 
therefore f(-n)= wis =(1 +7)”. 


Nore. (i) Equations (A)-(C) hold when z is complex, provided that | x|<1. Hence 
if x is complex, |‘x|<1 and n rational, f(x) is one of the values of (1+2)". In 
particular, if n is a positive integer, f( -n)=(1 +x)”. 

(ii) If n and x are real and |x|<1, it can be shown that f(n) is continuous for all 
values of n. Hence if (1+2)" is defined as in Ch. XIII, 7, when n is irrational, 
we have (1+z)"=f(n). 


4. Second Proof for the Case of a Real Index. The following 
proof depends on very elementary considerations and, although it is 
unsuitable for reproduction in toto, the reader will find it a very useful 
exercise to work through the details. We shall prove that if n and z are 
real and | x|<1, then 
n(n-1) 2; n(n~ 1)... (n-r+t) e, 


E C seeded 


where- (1 +x)” has its real positive value. 


Proof. Let t,,, be the rth term and s,, the sum to r terms of the 
series. Also let 


(l+az)*=l+nzx+ 


Yn, r= (1+2)" TSn, r 
First suppose that 0<x<1, then 
Yn,y=(1+x2)"-120 according as nz0. oseese (A) 

Also ee =NYn-1,r-1 and Yp, =0 when r=0. occse (B) 

If for any- assigned values of n and r it can be shown that Yy_,, p-r 18 
of invariable sign for O0<z<1, then by (B), y,,, must have the same 
sign as NYn—1, a 

Repeating this reasoning when n-1, n-—2,... are substituted for n 
and observing that, by (A), Yn-r+41,ı has the same sign as n-r+1, it 
follows that the three expressions 

Yn rs M(n—1)...(m—7T+2)Y__441,1, and n(n-1)...(n-r+1) 

have the same sign. Therefore y,,, has the same sign as tn, +41. 

After a certain stage, say for r>some fixed number k, the signs of 
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tn, rp and consequently those of y, , are alternately + and -, as r 
increases. Therefore (1 +x)” lies between s,, and Sn, ,,, for r>k. 
But since the series is convergent, Sn, p41 — Sn, 770 a8 TO. 


Therefore Sn p>(l+z)" as r—->o, 


which proves this case of the theorem. 


Next let x<O0. Changing the sign of x, it has to be shown that af 
O0<a<l, then 


n(n—1)... (n-r+}) r, 


(l—a)"=1] se e +(-1)" 


2 4 
Here Yn, r= (1—2)? — 8n, r 
so that Yn 1 =(1-2)”—-1=0 -according as n=O; oseese (C) 
also 7 = ~NYni r- and y,,=0 when t=0. ............ (D) 


Reasoning as in the previous case and observing that by (C), Yn-r41,1 
and n-r+1 have opposite signs, it follows that the three expressions 


Yn, rs (—1)''n(n —1)... (1-7 +2) Yn 43,1 
and (—1)'n(n—1)... (n—-r4]1) 
have the same sign. Hence, as before, 
Yn, r has the same sign AS ty ppp ceccesesceeescseeees (E) 


After a certain stage, say for r>k, the sign of tn, r41 18 invariable, and 
we proceed thus : 


Let =Yn,r—'n, r4 (1-2). 


For every 7, we as 
n+l 


K 
bn, r+i = Tln, r= bn, r+i ; Ton n — y 4 ao =t, T H nr za r+] = lat, r+i1° 
Therefore 
a —zt,, and (1-2) Yn r= Yny, r+ Tln, pe cee (F) 
Hence (1- — Z) mn, r7 =(1 - L)Yn,r~ Ln, r+1 


= Yn+1, r + Ly, r7 En, r+ 


=Yn+ nan r+ 
= Yn4+1, ta 'eereseecesuseasesoeoveoceoososooooo (G) 
Hence by (E), z,,, has the same sign as t,41, 749. Now 


n+l 


ope ~ Tal iha »+1. 


bn +1, r+2 7 


so that by (E) 
Zn r 


3 


has the same sign as. —(N+1) Yq, p eeeerrssesee (H) 
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(i) If n> -1 it follows that y,,, and zp, , have opposite signs. There- 
fore y,,, lies between O and ¢, ,,,.(1-z)—'. But ta, ,,,>0 as r>o, 
therefore y,,,->0 and s, ,>(1—2z)". 


(ii) If n<- 1, then ~m- lus -im where m is a positive integer. If 
Yn+1,r->0 a8 r—>œ , since t, ,—>0 it follows from (F) that Yn, ,—>9. 

Now n+m> —1, and therefore, by case (i), Yn}m,,>0: Hence in suc- 
cession it follows that Yn}m-1, rs Ynim—2, r» -+ Yn, y all tend to zero. 

Hence s, ,—>(1-2)", and the theorem is proved in all cases. 


5. We shall prove that if n is a negative integer, z complex and |z|<1, 


then - 
(l+z)"=1l+nz+ E D ige 


Using the same notation as before, we see that the series is convergent 
(Chap. XX, 21) and t, ,>0 as r>oo. Also (1+2)Yn,r=Yn41,r— in, r 
(compare equation (F)). 

Hence as before, if y,,,,,-0, then Yn, 0. 


Now when n= -1, 
gT 
LEE cree eae 2... = r—ly,r—1) — / — 1Y -— 
me a aa (- Ita) =(- 1) 0. 
Hence in succession y,,,—>0 for n= —2, —3, —4,.... So that 


Sn, r> (1 +2)” 
when n is a negative integer. 


The theorem is obviously true when n is a positive integer. The case in 
which n is a fraction is considered later. 


6. The reader should be familiar with the following particular instances ; 
in each case it is assumed that |x|<1: 
aTits 

a aati 
and in a similar way 
(1 -x)= =14+ 274+ 37? + 4r’ 
3.4 4 5 3.4.5.6 

—~—3 __ ase ne ce 

i a ns eas as Oe 
=$[{1.24+2.3243.4224+4.503+5.624+...], 


n(n +1) 2 printlint?) a. 


+. 
ie 
Í. 


(1x) =1 +n + -= 


12 
Lies TENSE SEN: 
(l-r) =l+5r+5 i tyy Gt 
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Ex. 1. Expand 1/(3+2z)* to three terms (i) in ascending powers of x; (ii) in de- 
scending powers of x (iii) say for what values of x each expansion is valid. 


(i) arama trae) ma (3e) Ge eh 


4 4 
n ante 
` 1/(3 +2r)? = =; aa to three terme. 
R l 1 3 \~? 3 3 \3 ' 
Gi) EEOAE Tir? a(i- -2(5-)+3(5,) - wo} 
l 1 3 


2i 
; (243)? r Ja tiz -i to three terms. 
(iii) The first expansion is valid if | 3 $x |<1, that is if |z |<. 


The second is valid if 


3 
ees is i 3 
= <1, that is if |z|>3. 


5 5.8 ges 8. l, 
Ex. ?2. Sum the series l+ +t ïò +y is” ïg t . to @. 
To see if this can be done by the Binomial theorem, take some particular term, say 


the fourth, and proceed thus : 


5.8.11 $.3.44 


eee . (3/8 = 2, 
8.12.16 2.3.4 °# 


which is equal to 2n(n+1)(n+2)(n+3)x4/ 4, where n=% and x=3. Lets be the 


sum of the series ; treating every term as above, we have 


ae e eae a (alt f 


2 
=2A(1 -4$ -1]=43/2 -2. 


7. Numerically Greatest Term in the Expansion of 
(1+x)" where |x|<1. 

Let u, be the rth term, and let accents indicate numerical values so 
that x'=| x| and u,’=|u,|; if n tis positive, 
at AT 


Up r 


Let k be the positive integer such that k<n+1<k+1. 


: u r—n—l 
If r>k+1, oe E 
Uy ro 
therefore uki, Upso,... 18 a decreasing sequence,:and the numerically 


greatest term is among the first k+1 terms. 
If r<k, then Un +1 = u, according as (n+1l—r)a’ = r, 
-(n +12 


that is according as E 
l+ 
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1)z 
i) If at Lane f, where t is a positive integer and f is a positive 
proper fraction, me (1+1)th term is numerically the greatest term. 
n + Dr 


(ii) Lf 


ith term is iol to the (1+1)th, and each is greater than any other term. 
Next, let n be negative and equal to —m, then 


=—=1, where @ is a positive integer, then, numerically, the 


m+r—-l , 
"° T © 


> 


Ur+1_ 
Uy T 


therefore TE u, according as (m+r-—1)2’ = r, 
pasm- Dr 
= lesg 
It follows that: (i) If m<1, the first term is the greatest. 
ny e m- = 


positive eae ction the (c+1)th term is the greatest. 


that is according as 


=i+f, where t is a positive integer or zero and f is a 


(it) Z fais eee L where 7 is a positive integer, the tth term is equal 


to the f+ es and each of these is greater than any other. 

We have thus proved the following important property of a binomial 
series: If |x|<1, the terms in the expansion of (1+2)" either decrease 
numerically from the beginning of the serves or else they increase numerically 
up to a greatest term (or to two equal terms) and then decrease numerically. 


2.1. Which ts the numerically greatest term (or terms) in the expansion of (1 +a) 
when x=%? 
Let u, denote the rth term ; 


25 
Urs, “Qe -r+l 


u r 


T 
First consider the terms for which u,,,/u, is negative. This will be the case if 

4r>54 or if r > 14. For such values of r, 

_4&r-54 


w <l; s. [Ursal<[url, 


| Urga 
u 


r 
Hence the greatest term or terms must be included among the first 14 terms of the 
expansion. 


If r < 13, u,,,/u, is aah and from (A) it follows that 
RES = ju, | according as 54 —4r = 7 5r, 
that is according as r = 6. 


Hence, the sixth term is equal to the seventh, and each of theso is greater than any 
other term. 


CALCULATION OF ROOTS 347 
8. Approximate Values. The Binomial series can be used to ob- 


tain approximate values, as follows : 


Ex. i. Calculate 3/2 to six places of decimals. 
The perfect cubes are 1, 8, 27, 64, 125, .... Search for two of these such that one 
is roughly twice the other. We have 


125 5 3 ` 
2x64=125 +3; ~. 2= (1455 e y2=] (1+5 ; 


64 125 
Bf, 1 3 3(3-1) 8 (4-1) (3-2) 3 
$2 =- AR a oe „36 oN = 2) ae 
3 52 1.2 58 1.2.3 59 
5 1 
l i : Eb vont Ge ac E E A aa tans (A) 


“474.52” 47587 12.57 6.50 


Denoting this series by U, + Ug — Ug + Ug — Ug +... , we have 


3 

u= A =1:25, 

1 
Ug = 102 =0-01, Us = se > =0- 000 08 
Ug = z` pa=0000 001 07 , Us p =0:000 000 02 , 
1-260 00l 07 0-000 080 02 
Therefore, 3/2=1:260 001 07-0000 080 02 nearly 
= 1:259 021 OS neatly: susuieisicanuntee e aa (B) 


To estimate the possible error in this result, let s,, be the sum to n terms of the series 
(A) and R, the remainder after n terms. The error arises from two causes : 

(i) The error caused by taking s; as the value of 3/2 is R,. Now, in the series (A), the 
terms beginning with the second are alternately positive and negative, also each is 
numer.vally less than the preceding ; therefore R, is positive and less than ug. 


4-4 3 l1 
. — Us = —~ u< 0-000 000 000 4; 
5 5 54 
*, the error is less than 0-000 000 000 4. 

(ii) The error in the calculated value of s; arises from the errors in the calculated 
values of u, and uş. These cannot exceed 0-000 000 005, hence the error in the 
calculated value of s, cannot exceed 0-000 000 01. 

Adding the results of (i) and (ii), we see that the error in the result (B) is numerically 
less than 0-000 000 010 4. Thus, to six places of decimals, 


3/2 =1-259921. 


Now Ug = — 


1 
Ex. 2. If x is small and n>1, obtain an approximation to (1 +2)" in the form 


rT where p, q, p’, q are independent of x. 


p'+g'z 
We have 
\2 —1)(2 l 
l+ař=14 (= a 1s = (2) Laie) E (A) 
(es / 
and na gao AE E E E a E T R aeia (B) 
l +br l+bx i 
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Choose a and 6 so that 
-b>=l/n and (a-—b)b=(n—-1)/2n°; 
*, b==(n-1)/2n and a=(n+4+1)/2n. 
Substituting these values for a and b in (B), we have 


2Qn+(n+1)z x n-l /x\? eoe 7 
a nec (2) +("5 (E) eich cates (©) 


If z is small, the series (A) and (C) are both convergent, and since they are identical 
as far as the terms involving 2’, it follows that 
1 


a Parai 2n+(n+1)x 


2n+(n—-1)z 


nearly. 


an+(n+1)x 
2n +(n-—l)z 


1 2 
: ; l ; nt—l 
proximate value of (1 +x)”, with an error in defect less than —-—; x’. 
n 


9. Theorem. If n>l and O<«xr<l, then 


By multiplying each side of equation (A) in the last example by 


2n+(n-—-l)z 
it can be shown that 
1 


Een —l.x)(L+a)"-(Qntn+1.2) 
2n — 1 (2n —1)(3n-1) | 
r j1- a 32 — 
str An es 4n . 5n E 
Denoting the series in brackets by 


Uy — Ug + Ug ~.. +(-l)'u,t..., 


we have a a ee 
Ur, (r+2)n r-l 
Now (rn —1)r<(r+2)(r—1)n provided that r>2, for 
(rn—1)r—(r4+2)(r—l)n= —r—(r—-2)n<0; 
and since O<x<l, it follows that u,<u,_,. 
The sum of the series is therefore positive and less than unity ; 
t On+(n+l)a n?—-1 r? 
: o< tan Foe 6n? ‘ntin ljr’ 
and, since n>1 and xv is positive, the last expression is less than 
(n? — 1) x?/12n8, 


whence the result follows. 


Ex. 1. Show that 635/504 is an approximation to S2 with an error in defect less than 
0-0000005. 
gin 5 3 `j 
Here N2- 4 ( l+ A ; hence, an approximation is 
5 750412 635 
y 9? or PPE 
4° 750 16 504 
53 8 BB 4&8 5 


with an error in defect <  •--- - aa Z i eet 
4 12.27 1258 108 10% 
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EXERCISE XXXIV 


t9 


7 
1. If x is positive, which is the first negative term ih the expansion of (1 +x) 5 ? 


: DE : ; 19 pa ii : 
2. If x is positive, the terms in the expansion of (1 -x)2, beginning with a 
certain term, are all positive, Prove this, and find which is the first of this series 
of positive terms. 


Which is the numerically greatest term or terms in the expansions of 
35 4 — 3 9. 
3. (l+2x)2 when x2? 4. (1-24) 2 when z -iy ? 
Ae Ei 
5, (l =x) when pen ? 6. (l+.2x) 3 when L255 i 


7. Between what numbcrs must x lie in order that, in the expansion of 


_. 3 
(1-x) 2, the third term may be the greatest ? 


8. If «> 0, which is the first negative term in the expansion of 
(11 —13.)/(1 —2x)*? 


9. If O<a<1, show that (i) Vi+a -1+łe-—}x? nearly, the error being in 
defect and less than ‘yg’. 


(ti) V1 —2=1—2e - 42x? nearly, the error being in excess and numerically less 
than 4423/(1 —2). 


10. If x is large and positive, show that 


3) goon 1 1 1 I 
Š r3 piege 3 j a = 9 : g nearly, 


the error being in defect and less than 5/8 lr. 
11. If O0<a<I and R, is the remainder after n terms in the expansion of 
1/(1 —27)*, show that 
Ry, <(n + 1)a"/(1 - x}. 
12. If O0<a2<0-01, show that (i) 1+2r+3x? is an approximate value of 
1/(1 — x)? with an error in defect less than 0-000005. 
(ii) 1 -2a432z" is an approximate value of 1/(1 +x)? with an error in excess 


less than 0-000004. 


13. If O<a<1, and R, is the remainder after n terms in the expansion of 
1/(1 —x)?, show that 


R, <2 (nt I)(u+ 2) a"/(1 — x)*. 
14. If 0<2<0-01, show that (i) 14+32+6z? is an approximate value of 
1/(1 —x)° with an error in defect less than 0-000011. 
(ii) 1 — 3x +62? is an approximate value of 1/(1 +x)? with an error in excess 
less than 0 00001. 


15. If < is small, show that, neglecting cubes and higher powers of e, 
(i) = : a, +- NE; = a == VT+ 
2 fv l. 
x-—e) myrti 
8 gene NP = 


e? 


NER 
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16. If we have tables giving the square roots and cube roots of numbers to f signi- 
cant figures, show that the roots can be found by division only, to 2f significant 
figures as follows. 


If /x=a to f significant figures, then /x =; ( = + a to 2f significant figures. 


If Jx=a to f significant figures, then Js=; o + 2a) to 2f significant figures. 
Show also that in each case the error is in excess. 


[Put a=./x-e, and use Ex. 15.] 


17. Given ./2=1-41421 (approx.), show, by division, that 
/2 = 1-41421356237 (approx.). 
18. Given 3/10 =2-1544 (approx.), show, by division, that 
#10 = 2-154434690 (approx.). 
19. Show that (i) if x is small, /(%?+4) -— + ú = tæ? + ggxt nearly ; 


21 
(ii) if x is large, y(x? +4) —/(x? + 5, - “(i-i ates a) nearly. 


20. If x is small, show that approximately 
(i) V (4 ~ 3x) . Y (8 +32) + (9 ~ 3x)? =fr (1 shoe) ; 
(1-22) 2 -(1+ + 2a)? 
(1 - x) “2 -(1 +x)? 


(ii) - =4+ 2r; 


(iii) (1 +4r+ 1022)? = 1 + 2x + 3x? — 623 ; 
(iv ) (1+4a + 10x?) 7? =1 — 2x +x? + 102°; 
(v) (L+ +x? +a)8 =l iaat at, 


In each of the examples 21-26, (i) prove the given equality ; (ii) by expanding 
the right-hand side to four terms, deduce an approximate value of the given 
surd ; (iii) find an upper limit to the numerical value of the error. 


21. 3/1001 =10(1 +0-001)?. 22. /2=2(1 — 0-02) È. 
23, 3/4=8(1+0-024) 73. 24, 3/5 —8(1+0-08)3. 
25. 3/3=§(1 — 0-01696)5. 26. 3/4=4(1-3%)°. 


27. If a is nearly equal to b, show that 


n a (n+l)a+(n-— 1)b 
Vee NERE 


and that if aœ>b, the error is in defect and is less than 


n? —] E) 
12n? b " 


[Assume the result of Art. 9, and put z=(a —b)/b.] 


54 
28. Show that NE E nearly, the error being in defect and less than 
3/10°. 540 2706 
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29. If a—b=h, where h is small, show that 
(i) Ve=43 5-8 Mtin in a 
b 2b 8b 165 128 64 7 
„~ a l lh LA? LA Ik 
4b 2746 BT 16 3a 
(iii) Hence show that if a is nearly equal to b, then 


ene a + > cus nearla 
b atb 4 b’ Y 


the error being approximately cqual to (a — b)*/12854. 


10. Application of the Binomial Theorem to the Sum- 
mation of Series. 

(1) Many series may be summed by expanding some function of x as 
a convergent power series in two different ways and equating coefficients. 


Ex. 1.* If u, =r(r+1)(r +2)... (r+q-1) 
and v, =(n -r)(n-=-r+1)(n-r+2)...(n-r+p-l1), 
prove that 
LA A di kde 
UY + UVa + Ug, +... FUyn 1Un-1 “|p +q +1 . “in * 
It will be easily seen that 
oe ag Un—1=| Ps 
uz=|g.(q+1), Un_a=| P(p +1), 
(g+1)(¢+2) +1)(p +2) 
sos all ae harli 
PENE, (q+1)(q +2)... (q+n-—2) ia (p +1)(p +2)... (p+n -2) 
rs a a a T S 
therefore Ur HUE + Ugh? +. HUn 2? +...= jg (1 -= x)~ 9+), 
and Un- t+ Un eh Unat? +... +U- 4... = |p (1 —2)- +), 


Hence if S is the sum of the series in question, 
S/|p q =coefft. of x”-? in (1 —x)-(?+1), (1 — x)-(@+2) 
=coefft. of x”-? in (1 —x)-(P+0+2) 


a PAGE al (pat a2): 


(2) Theorem. If f(x)=a)+a,¢ +a? +a,07+...4+0,2"+... for | x|<k, 
where k is any positive number, then ay+a,+a@g+...+a, is equal to 
the coefficient of x" in the expansion of f(x)/(1—2z). 


For LO) (ag tant agat+...)(L 4242+...) 


and the series are absolutely convergent for sufficiently small values of z. 
* This equality is required in the Theory of Probabilities. 
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(3) In what follows, we suppose that | x|<1 except when n is a posi- 
tive integer, so that all the series which occur are convergent. 
We shall write (1+2)"=cy+¢,7 +C? +C? +...+6,0" +... 5 
then, n(l+4-x) =n + ee £+ e x? + 
=C, + Qc + BCX? +... +970 07 I+... , 
and, by a succession of similar steps,* 
n(n —V)(Ltar)"-2=1 20,42. 83c +... +r(r— l)et? +... 
n(n -1)(n-2)(14ax)*-3=1.2 . 3e +... +r(r—1)(r—2)e, z+... 
and so on, as far as required. 


Hence we can sum the series 2 a orca” where u, is a polynomial in r. 
For, dividing u, and successive quotients by r, r—1, r—2,... in this 
order we can find constants 4p A,, A>, Az, ... such that 
u, = Ao +A r+ Aor(r—1)+Agr(r—-1)(r -2) +... ; 
then, or gttre rt = Ag(1 +r) + A,nx(1+2x)"-!4+ An(n- 1)? (1 +r) 
+ Asn(n—1)(n—-2)a3(1+a)"-3+.... 


Ex.2. Find IR +1)%c,2". 
Denoting the sum by S and proceeding as above, we find that 
(r+1)=1 +7r+6r(r-1)+r(r-1)(r-2); 
. S=(1 +z) 4+ Tnx(1 +x) 4 6n(n 1)? (1 +x) -+n(n -1)(n -2)r3(1 +x) 
=(1 +x)” l +(7n +3) x + (6n? + 8n +3) 2? + (n + 13824}. 


(4) Again, by expanding (1 +x)”+!, we can show that 


(Igri 1 Cy Ge 
Se en Gp ye geo ee e e 
n+1 wkl Sg r+l , 


and, by similar steps, 


_(l+a)r? te douse rae ie L+ + Cy rte 
(n+1)(n+2) (n1+1)(n+2) n+l 1.2 ° (rt+1)(r+2) saad 
Soe l l Iogi 


(n+ 1)(n+2)(n+8) milni) mint) m+ 


CO 84. eT E ae 


1.2.3” te tnia) 


and so on. These results can also be obtained by integration. 


+ 


* 3 


* These results can also he obtained by differentiating with regard to z, although so far the 
process has not been justified in case of an infinite series. 
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Hence, if u, is a polynomial in r, we can sum the series 


D eae a 
r=0 (r+ 1)(r+2)(r+3)...(r+k)” 


For, dividing u, and successive quotients by r+k,r+k-1,...r+2,r+1 
in this order, we can find an equation of the form 


Uy | A, A, A, 


(r+ l)(r+2)..(r+h) rtd t+) U etet). (r+ hy’ 
where Ap A,_},.-.. 4, are the remainders in the successive divisions and 
v, 18 the final = and then the sum of the series is 

Soort D rarayta Ta 
(r+1)(r+2) 
The value of Sas is found by § (3), and the other sums are given by 
the above equations. 


Further, we can sum the serves 


LTH +, 


= Uy 


“10 ipta tb) (6th) 


where a, b, ... k are unequal positive integers of which k 1s the greatest. 

For this can be reduced to the preceding by multiplying numerator 
and denominator of the fraction by such factors as will convert the 
denominator into (r+1)(r+2)(r+3)... (r+). 


Ex.2. Find S= 2 ie = C2" 
We have te ee o +t3r+2 soe ts t o 2 -+ 2 . 
r+3 (rt+l)(r+2)(r+3) r+l (r+1)(r+2) (r+1)(7 +2)(r +3)’ 
l ons. rai _ eh eee T +2 2 Cr r+3 
pence, Be eyT ae” Grea ta FEI +943)" 
E 7 lee a (l+r)”+-1 
2 n+l (n+ln+2) n an 
A CET 0. gt x2 
(n+1)(n+2)(n+3) (n+1)(n +2) Sep 
Lin { tee, Hey 
~ (n+l)z n+2 x (n+2)(n+3) \ z } 


1 1 
~z ntl 2 aoaaa eal) 


Se ee re ere ee re 
x mes) Go oe I) i 
2(n +1) 2 
x 


(L+a)t+ 2). 
=) Genes 


Be ee a T 2 A 
nti (w¥2)(n+3)x {m+n +2 
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+ a (> @) r24] r 
Ex. 3. Find ce rane Ca": 
2 
Wo have Prl =r>3 + I 
r+3 r+3 
and S(r ~3) ce" =nx(1 +x) -3(1 +2)"; 


' the required sum = (1 +x)”-4 (n — 3) 2 -3} +105, where S is tho same as in Ex. 2. 


11. Multinomial Theorem for any Real Index. 


If b, c,... k are any m numbers, n is real, and 
f(x) =(1+ ba +er? +... +hk2™)", 
then (i) f(x) can be expanded in the form 
l HUL + Ugt*® +... + Up +... 


where the series terminates if n is a positive integer, and in other cases is 
absolutely convergent for sufficiently small values of z. 


(ii) The coefficient u, of x" is the sum of all terms of the form 
n(m—1)(n— 2)... (at 1) py g 


gee 
where B, y,... K have any positive integral or zero values such that 
B+2y +... +mk=f, 


and the corresponding values of « are given by a+Bt+yt...+K=n. 
For let y=bx+cx?+...+kx™, then by the Binomial theorem 


f(z) =(l+y)?=14+ 2075 ——— fi, wats (A) 
provided that | y|<1, and by Ch. XVII, 3, (1), we can find a positive 
number p such that | y|<1 when | z|<p. 

By substituting bx+ca?+... for y in (A) and expanding the terms, we 
obtain an expansion of f(x) in powers of x which is convergent if | z|<p. 

In order that the terms of this series may be arranged in ascending 
powers of z, it is sufficient that the series is convergent when all the terms 
are made positive. This will be the case if b’r’+c'r'2+...+k'2'™<], 
where 2’, b’, c’,... stand for | z|, |b], | c|,...; and we can find a positive 
number ø such that this is the case if | 7|<o. 

This concludes the proof of the statement (i). 

Again, s being any positive integer, by Ch. III, 16, the coefficient of z” 
in (br+cx?+...+kxe™)’ is the sum of all terms of the form . 


= By }* 


a — b 
[IB |y |x 


> 
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where $, y,... « have any positiye integral or zero values such that 
B Ey Aen CN ais Dra E (B) 
and B a et. eee a eC eer (C) 


It follows from (A) that the coefficient of x” in the expansion of f(x) 
ig the sum of all terms of the form 


n(n—l)... (n=8 +1) gy 
E s 
where the values of £, y,... are given by (B) and the corresponding values 
of s by (C). The statement (ii) follows on writing «=n -s. 


saki, 


= 
Ex. l. Find the coefficient of x* in the expansion of (1 + 2x- 4r? - 2x3) *. 
Hore n= ~—4, r=4, and the coefficient is the sum of all terms of the form 


(“BBB 2) 2D) ast a-a 


eed 


IB ly (8 
where £, y, 6 have positive integral or zero values such that B+2y+36=4, 
and the corresponding values of « are given by a+B+y+8=-$4. 
The possible values of «œ, 8, y, 6 are shown in the margin. 
The term corresponding to the first set of values is a BR yò 
CHC o es mp Lot 
Ton SAs -34, 2, 1, 0 
a es ‘ -44, 4, 0, 0 
Similarly it will be found that the other terms are 15, 5 
35, 6, so that the required coefficient is 2g, 0, 2, 0 


-3 +15 +43 +6 =228. 


EXERCISE XXXV 
1. By considering the expansion of (1 - x)”, show that 
n(n+1) n(n+ 1)... (n+r—-1)_ (n+1)(n+2)...(n+r) 
A a [7 = ir ; 


2. Show that, if TE ae A and |z|<1, then 
THY 


N+1y_pN,N 1 
(+y e 7 {nz pu | he 2) ze4...}. 


3. If n, r are positive integers (including zero), show that the coefficient of 
a”+7—-1 in the expansion of (1+2)"/(1—2)? is (n+27r)2"—}. 
[Expand {2 —(1~2z)}"/(1-<)?.] 
4, If n is a positive integer and 
(l+<z)" 
(1 - x) 
show that ay +a, +a: +... +an = $n(n + 2)(m+7)2"-4. 


= do +a HAL? +... a,x" +... 9 
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5. If n is a positive integer, show that 
3.4n(n—1) 4.5 n(n—1)(n-2) (n+ 1)(n +2) 


= coefficient of x" in {2 —(1—x)}"/(1 —x)? =(n?+7n+4+ 8)2”-. 


6. If n is a positive integer, show that 


(= 2(m-3) ona (n—3)(n -4)(n ~5) 
ee 3 
[From the expansion of {1 -x (2 - x) =(1 -2)~*.] 


2n — (n —1)2"%- 2+ 20-86 4... =n + l. 


7. Prove that if n is a positive integer, 
l+xz n(n-1) 1422 n(n-l)(n-2) l+3xr 


were ae a Uae n o 


8. Show that, for all values of m and n, 
ONA OPAO aO TRO ACT ea e O 
=the coefficient of x” in the expansion of (1 + x)”-™ 
9. If p+q=1 and n,r are positive sais (n>r), show that 
p° +O pg +OP gt... + CR pg 
i 1) ge OR a ~ grr | 
[Divide by p”, put l -gq for p, and show that the coefficient of g* on the left- 
hand side when expanded is 
Ordr aC RNO gO a(S Ce 
= coefficient of x* in (1+mx)" x (1+2a)-@1-#1))] 


In Exx. 10-13, if (1+2)"=cy+ce,e+c.27+...+c¢,@7+... where n may have 


=p" frar! 


° 20 » 
any value, find the sum of the series, &,_,mc,x", when m is 


r+1 1 r?—-r+1 
10.* (r+1)?; 11. pa? 12. (r+ 1)(r+3)’ 13.* (r+])(r+3) 
14. If u,=A,+Ayr+A.r(r—1)+...+Apr(r—-1)...(r-h+1) and 
f(x) = Agu? + Amr! 4 Agn(n - Ia? 4....4 Agn(n—-1)...(n-h4+ VD), 
prove that 


h—-1 h—2 
Zu,c,x" =(1+2)"-* {ald (1) +e) eb" Ta 


15. Prove that ©370$517+02+10 33127403C SF +... to 40 terms=C 33 

[Consider the product (1 —x)~(+) x (1 —2)~{4-1),] 

16. Show that 1 _ gents 3 

|2p+1 |2g+1|2r+1 4) 2n+3’ 

the summation being taken for all positive integral values, including zero, of 
p,q, r such that p+g+r=n. 

[Consider the expansion of 

(a+b +¢)2"+8 — (b +c -a) ®t — (c +a — b)2"43 — (a +b —c)4+3,] 


* Check the answer by putting n=1. 


CHAPTER XXII 


RATIONAL FRACTIONS (2), RECURRING SERIES AND DIFFERENCE 
EQUATIONS 


1. Expansion of a Rational Fraction. Any rational proper 
fraction in x, whose denominator does not contain x as a factor, may be 
written in the form 


P Ay + QL + Ad" +... HAt” 


= : where m<r. 
Q l+pyrt+ pox? +... + p,e" 


Various ways of expanding such a fraction in a series of the form 2u,2" 
are given below. 

If it can be shown that the series obtained by any process is convergent 
for all values of z in any interval including zero, then by Ch. XX, 20, any 
other method of expansion yields identically the same series. 


2. Theorem. The rational fraction P/Q can be expanded in a convergent 
series of the form 


Ug HUTH UL? +... HULPE., 


if and only if |x| <| à|, where À is the root of Q=0 with the least modulus. 

For, by the method of partial fractions, P/Q can be expressed as the sum 
of several terms of the form A(z ~a&)-", where A is a constant, r a positive 
integer and « is any root, real or imaginary, of the equation Q =0. 

All of these terms can be expanded in a convergent series of ascending 
powers of z if, and only if, |x| <| Al, where A is the root of Q=0 with 
the least modulus. 

When this is the case, the expansion of P/Q can be obtained by adding 
the various series. 


Ex. 1. For what values of x can the fraction 
1/ (x? + 2a —1) (x? -x +5) 


be expanded in a series of ascending powers of x ? 
Equating the denominator to zero, the roots are 


-144/2 and $(14 ¢,/19) 


and their moduli are V241, /5, /5. 
Hence the expansion is possible if and only if |z|<,/!-1. 
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3. Methods of Expansion. (1) Suppose that 

P/Q = Up t+ Ux +u? +... 

where the series is assumed to be convergent and P, Q are as described in 
Art. 1. Multiplying by Q, 
Ay +AT +A? + ...44,,0% = (1+ Pye + pot +... + p,a") (Up + Uy +U? +...). 

Expanding the right-hand side and equating coefficients, the values of 
Up, Uz, Uy, -.. are determined by the equations 


Ug = Qo, Uy + Pio = As Ug + Piu + Po = Qo, ee eeecane $ 
Up_y + Piura t Pour- +... + Pp_1Ug = aris 
and for n>r, Un + PyUn—1 + Punat --- + Prun-r =Q. 


Hence, after a certain stage, any r successive coefficients are connected by 
a linear relation. A series having this property is called a Recurring Series. 


(2) The process just described is equivalent to synthetic division carried 
out as in the next example. (See Ch. III, 3.) 


Ex. 1. Show that, for sufficiently small values of x, 
L+z+27+23 

1 — 2x +327 — 423 

The reckoning is as follows. 1-(2-3+4) | 1+1+1+1 

+4+124164+16+32 (a) 


=-1+4+327+4+ 42? + 423 + 874+ 20275 +... . 


-3 -9-12-12 -24 (b) 
+24+64¢48+ 8+16 (c) 
14+34+4+4+4+ 8+20 (d) 


The first term in the quotient (d) is 1; 1(2-3+4)=2-3+4; put 2, -3, +4 
diagonally in (c), (b), (a); 2+1=3, the next term in (d); 3(2-3+4)=6-9+12,; 
put 6, -9, +12 diagonally in (c), (b), (a); 6-3+1=4, the next term in (d). 

If the reader will do this example by the method in Art. 3, (1), he will see that the 
reckoning is essentially the same as that just described. 


(3) The method of Partial Fractions. 


Ex. 2. If 1/(1 -2x +52?) =ugturt...+u,2" 4+... find the value of up 
We have a a EEN os (22 a ae 
. l -2x+52% ° (1 -ax)(] -Bx) «-B \l-aw 1-fx 
where a, B are the roots of x?-2z+5=0, so that we may take a=1 +2, B=1-2t. 
Hence l 1 
1205 ia a {a(l +ax +a? +...) -B(1+ Pat Bx? +...)}; 
n u= Lana = gen), 
Now a=n/5(cos6+c¢8in 8), B=./5(cos@—csin@), where 6=tan-! 2, 
"git pna —§8("+1) usin (n+1)6; 
hence u, =}. 54("+1) sin (n+1) 0, where @=tan—! 2, 
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(4) A rational fraction can also be expanded by the Multinomal 
Theorem. Using this method and that-of Partial Fractions and equating 
coefficients, we can obtain many important results, as in the following 
exercise. 


EXERCISE XXXVI 


1. Use synthetic division to expand 
l a l -4r +z? 
O aaa | i erpii em’ 
as far as the terms containing xë. Find also the coefficient of x” in each expansion. 


2. Show that, if p and q are real numbers, the condition that 1/(1 + pæ +qz?) 
can be expanded in a convergent series of ascending powers of z is as follows: 


(i) if p*>4q, then | x|<|(p’-Np*-4g)/2q|, where p’=|p!; 
(ii) if p?< 4q, then | z|<1/q. 
3. If |x| lies between |«| and ||, show that the fraction 1/(x- «)(x-— B) 


can be expanded in the form ...+6,277+b,2-1+a)+a,7+a,.27+..., where the 
series extends to æ on the right and left. 


[Let |a|<|B|. The fraction =(a — B) {1/(x — a) - 1/(x - B)}. 
If |a|<|2|<|B|, prove that 
1/(@-—a) =a 1 (1+ 0a) +a rT? +...) 
and 1/(x— B)= - B(1+ Bx + Bx? +...).] 
4. If H,, is the sum of the homogeneous products of n dimensions which can 
be formed with a, b,c, show that 
a+: (b —c)+b"+2(c —a)+c"t?(a —b) = — H,,(b—c)(c-—a)(a— b). 
[H,, is the coefficient of x” in the product 
(l+ax+a*x?+...)(L+bu+b7z?+...)(l+cr+e%?+...), 


i.e. in the expansion of 1/(1-—azx)(1—6x)(1—cx). The result is obtained by the 
method of partial fractions. | 


5. Prove that, for sufficiently small values of 2, 


l 2 
rr O 
—2)(n-3 
where mega pg oo ra ) pn- 


the (r+1)th term being (—1)'C?-"p"-*"q". 


1 l 2 — 
6. If «+fB=p, «B=q, use the identity ae + eae a a ear anes a 2 


to prove that &” -+ B” =p" ne p”—?q mE i T 


a > 
the (r+1)th term being (-1) a em prng". 


[Expand both sides, equate coefficients and use Ex. 5.] 
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i 7 ae l l1 _ (æ-ß)z 
7. If «+B=p, «B=q, use the identity TO Bu l- pr+gr? 
n o Qn a = = 
to prove that ction diary ase pq 228m) nog? See 
aĝ E E 


the (r+ 1)th term being (- 1) Bee pr=er-agr, 


[Expand both sides and use Ex. 5.] 


8. If n is a positive integer, prove that 


(i) 2 cos n@=(2 cos 0)” — = (2 cos 0)”-? ao (2 cos @)"~4 —..., 


(n-r-1)...(n-2r+1) 


the (r+1)th term being (-1) fe (2 cos @)"~2", 


sin nô 


Sag =(2 cos 0)” a aie (2 cos Byes + ve) 


1 |2 
a lees ~ e e 2 

the (r+ 1)th term being q- py iore n 
[In Exx. 6, 7 put «=z, B=z7! where z=cos 0+1 sin 9.] 


(ii) 


(2 cos 0)", 


] 
9. Show that (i) the coefficient of zx” in the expansion of a is 
$(n + 1)(3n + 2). (l+2+4+2?) 
(ii) The coefficient of xt” in the expansion of : is (n-+1)?. 


(1 —x)(1 —2)(1 -2*) 


4. Recurring Series. (l) Let ujtu,z+upz?+... be a series in 

which any r+1 successive coefficients are connected by the equation 

Un t Pilnai t Pona sea Pty ig = Oy, aei (A) 
where r is a fixed number and 7,, Pz, ... p, are constants. Such a series is 
called a Recurring Series of the r-th order. 

Some authors call equation (A) the Scale of Relation of the series ; 
others use this term to denote the polynomial 1+p;£ + pt? +... + p,x". 
We shall take it to mean either of these things. 

If the coefficients ug, Uj, ... Up are known, the subsequent coefficients 
can be found in succession by equation (A). Thus a recurring series of 
the rth order depends on 2r constants. 

Hence if the first 2r coefficients are given, in general the series can be 
continued as a recurring series of the rth order, and in one way only. Also 
it can be continued as a recurring series of the (r+1)th order in a doubly 
infinite number of ways. For to do this we can give u, and u,,, any values. 

It may happen that the first 2r terms belong to a recurring series of 
order r—1. Two conditions are necessary that this may be so, and then 
the series can be continued as a recurring series of the (r—1)th order. 
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Ex. 1. Discuss the question of continuing Zu, x” as a recurring series when the first 
siz terms are known. 
Let the scale of relation be u, + puy_1+QUn_2+Tun_3=0. 


Then p, q, r are given by 
Ug Pug + qu, Hrug =0, Ug-+pugtquatru,=0, Ugt+ pu, +qus, +ru,=0. 


Now 2u,2x” can be continued as a recurring series of the third order if p, q, r have 
definite values and 740. This will be the case if 


Uy Uy Wg 0 and Tu; alge. Ag SEOs oeecousdan wots oenaed (A) 
Uy Ug Uz Ug Ug Uy 
Ug Uz Uy Ug Uy Us 


In case either determinant is zero, suppose that the scale is uy, + puUy_1+qUn_.=9; 
then Us + Pu + Quy =0, Us + Pug + qu, =0, 
Ug + Pug + qu, =0, Us + Pua + qu =O. 

That these equations may be consistent, each of the determinants in (A) must 

vanish, so that two conditions are necessary that Zuz” may be a recurring series of 


the second order. 
If it is one of the first order, the scale being wu, +pun_,=0, then 


Ui Pugo =0, Ug+pu,=0,... Ug + pu, =0, 


so that the four conditions U4? — Uguo =0, Ug? — Uug =0, Ug? — Ugg =0, Ug? — Ugtig =0 
must be satisfied. 


(2) Any recurring series L'u,x”" is convergent for sufficiently small values 
of x. 
For let the scale be 
Un Pang Pono t -< PN Mya 0, Scan vieedeivasie (A) 
and let | uo |, | %4 ls- | pr], | Pal, ... be denoted by up’, Ui, ... Pis Pos --- + 
Then by (A), 
| Un | =| Prun- + Polno +--+ + DP Un—r | 
<P Un- + Po Ung +... + Pp Un-r 
<JUn-s» 


where g is the greater of the numbers p,'+p.'+...+p, and 1, and p-s 


t 


is the greatest of the set u,_1, Un-2s --. Uo. In the same way 


| un-s |S Iun- 
where up is the greatest of wp. 1, Un—s—g> -- Uo- 
Continuing thus, by multiplication we can show that | u, |<g"A, 
where A is the greatest of uy_1, Un—o, --. Ug- 
Thus | une” |<| gx |". A, 


and Lu," is convergent if |2|<I1/g, for then |u,2"| is less than the 
(n+1)th term of a convergent series of positive terms. 
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(3) The sum to infinity of any recurring serves Lu,x", when convergent, 
ws a rational proper fraction, which is called the generating function of 
the serves. 

Let the scale be 


Un t+ Pini t+ Potln_g toe + Det =O, cccccccccrveneenee (A) 
and let 
S= Ug HUTH UTH... CO O. oeessesesorrsrereresees (B) 


Multiplying (B) by pz, p,x*, ... p,x"” and adding, we find that 
s(1 + px + pou? +... + p,2") =a +AT HAL? +... H Apal, n (C) 
where Aj=Up, A, =U, + Pp, Ag=Ugt PyUy + Polly, -> 5 
Arı = Ur + PyUy_g t... Pr% 
the coefficients of powers of x higher than zx’! vanishing on account 
of equation (A). 
Thus s is equal to a rational fraction, of which the denominator is 
Q=14+ pvt pet? +... + p,2". 
It follows from Art. 2 that the recurring series is convergent if | x|<| Al, 
where A is the root of Q=0 which has the least modulus. 
(4) If u, ts a positive integral function of n of degree r, then Lu,2x" 
ws a recurring series of which the scale is (1 —2)t*. 
To prove this, we can proceed asin Ch. VIII, 7. Let 


S= Ug HUL HUL? +... HUE”... 
then S(l — 2%) =Up t VL HVL? +... HVL.. 
where v,=U,—U,_,, 80 that v, is a polynomial in n of degree r-1. By 
r steps of this kind, we find that 
s(l—-x)"=ug+ kle +r? ++...) 
where & is independent of z, and therefore 
s(1 —x)"t! =u) + (k — Up) x, 


which proves the theorem, 


Ez. 2. Find the sum to infinity of 
1? + 224 +372? 4+ 4228 +..., when |z|<1. 
This is a convergent recurring series, and the scale is (1—z)*. Denoting the sum 


by 8, 
S=1?4+ r+ Fret Let., 


-37S= ~-3. Pr-3. 2r? -3.3 -..., 

3278 = 3. Pr? +3. 22e +..., 

- PNI = - Pæe-..; 
l+z 


i’ -X= E E 
. S(l-zP=1l+z and 8 (iz) 
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(5) The sum to n terms of a recurring series can be found by a process 
similar to that in § (3), or in the last example. 


Ex.3. Find the sum to n terms of ug +Uu,x+Up,x?+..., where Un + pUn_1+Gun_2 =0 


for n>1. 
Let Sn =Ug FULH Ue? +... HUn”! 
then PL8y = PUgt +PUL? +... +PUn oX”! + Pun", 
and q£’8n = QUOT? +... + Gun gt") + Ung” + gun et"). 


Since u, +Ppup_ı+tqur-2=0 for r>1, by addition, 
Sn (l + px + qx?) = Ug + (Uy + pug) £ — Unt” + qun -12”t!, 
which determines the value of sn, unless x is a root «æ of the equation 1 + px +qz?=0. 
In this case the sum may be deduced from the general result by supposing that 17>. 


(6) Given the scale u,+ p,Uy,_1+...+P;Un_,=0, and the values of up, 
Uy, ... Up We can find the value of u, by (i) finding the generating func- 
tion; (11) expressing this as the sum of partial fractions of the form 
A(l-—axr)-™, where « is a root of 27+ px"! +p"? +... +p, ,=0; and 
(iii) expanding the partial fractions and collecting the coefficients of x”. 

Examples are given in the next article. 


5. Examples of Finite Difference Equations. Suppose that 
any r+1 consecutive terms of the sequence (u,) are connected by the 
equation Un + Pini + Potln—g te FDpUn ip HO, cee ece cece ene ee ee (A) 
where Pi, Po, .-- Pp are constants. From this point of view, equation (A) 
is called a Linear Finite Difference Equation with constant coefficients. 

So far as equation (A) is concerned, the first r terms of the sequence 
may have any values whatever, that is to say they are arbitrary constants. 

Thus the process described in the last section enables us to find 
the general value of u, which satisfies equation (A), and shows that this 
value involves r arbitrary constants. The general value of u, 1s called the 
general solution, and the process of finding it is called solving the equation. 

The process leads to the following results. 


(i) The general solution of u,+ ply_1+QUn_2.=O0 is uU,z=Aa"+ BP" or 
(A+nB)a", where a, B are the roots of x*+px+q=0 and A, B are arbitrary 
constants, the first or second form being taken according as a=48 or «=f. 

(ii) The general solution of Up + Pupi + QUn—gt7Un—3=O0 ts 

Un = Aa" + BR” + Cy", 
where a, B, y are the roots of z? + pr? +qx+r=0 and A, B, C are arbitrary 
constants, provided that no two of the roots are equal. 

If «=B+Ay, the solution is u„=(4 +nB)a" + 0y”. 

If a=ß =y, then u,=(A+nB+n7C)a". 


2A B.C.A. 
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(ii) For any other value of r the general solution of equation (A) has a 
similar form. 

We give the proof of (11). 

If ug, Uj, Ua have any values, then 
_ @+br+ea? P (say) 
~l+potgetre gy” 
where a, b, c are functions of Ug, U4, Ug. Also 

1+ pxe+qu?+rz3=(1 —ax)(1 — Bx) (1-2), 

where «, B, y are the roots of 


Ug FUE UL? +... HUT” +... 


x + pr? + qx +r=0. 
(i) If no two of «, B, y are equal, 
P A B C 
Q@> i-ax*1— pe" i ya’ 
where A, B, C are arbitrary constants. 


Expanding the fractions on the right and equating coefficients, 


Un = Aa" + BB" + Cy". 


Luan 


(ii) If «=By, then 


P A B C 
Ol-a a T—ye 
and Un = (A +nB)a" + 0y”. 
(iii) If a=B=y, then 
P A B C 
Q` I-axr (l-ar) (l-ar) 
and Uun = Ax” + Bna” +C.3(nt1)(n+2)a” 
=(A+nB' +0’a”, 


where B’, C’ are arbitrary constants. 


Ex. 1. The first term of a sequence is 1, the second is 2, and every other term is the 
sum of the two preceding terms. Find the n-th term. 

Denoting the sequence by Uj, u.,... we have 

Un — Un- ~ Un- =0 and =l, u,=2. 

Hence u, =Aa"+ BB", 2=Aa?+ BB, 1=Aa+BB, where a, B are the roots of 
x? —-x-1=0. 

Eliminating A, B from these equations, we find that 

(a — B)u,, =(2 — B)a”-* -— (2 - «)B"—}. 

Now «+B=1, aB=~-1 and if a>B, «-B=./5, hence 2-B=1l+a=a" (for 

a?-a-~1=0), and similarly 2-a%=f*%. Therefore 


1 1 / 
ty = pla? — prt) =n vig +5) +1 — (1 - y5)” +, 
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Ex. 2. Find the n-th term of a recurring serves of which the first four terms are 
1 +22 + 72x? + 2023, 
Find also the sum of the first n terms when x= ~1. 
Denote the series by ug +u,2+uU,z?+..., and let the scale be 
Up + Ply» tlun- =0. 
Then 7+2p+q=0 and 20+7p+2q=0, giving p= -2, q= -3, and the scale 
iS U, — 2ni — ün- =0. 
The roots of z? -2x -3=0 are 3, —1, and therefore 
u, =A .3"+B(-1)", 
where 4+B-=1, 34-B=2. Hence A=}, B=4. 
Thus the nth term =up. 127! =4[3%4(-1)"]a"- ; 
f _3 a a 1 1-(-2)" 
. sum to n mse “T2382 TA a re a 
Now lim SSeS ea, ee lim eee IZ 
qg—>~-1 l+z2z yl l-y 
*, the sum to n terms of the series 1 ~24+7-—20+... 
3 1-(-3 n 1 na 
s og gaye e 


Ex. 3. Find the general solution of U, -Un + un -a =0 in a real form. 
The solution is u„=Ca” + DB” where a, B are the roots of z?-x+1=0 and C, D 
are arbitrary constants. Changing the constants, this may be written 


up =A (a” +B”) -1B (&"” — B”). 


The values of a, 8 are 


7 . 
=cos—-+esin-. 


2 3 3 


nT _ NT 
Hence the values of «”, 8” are cos 3 +esin re and so 


nT __ AT 
a” +B” =2 cos ~, «” —-B"=2: sin -z 


3 3” 


ae nr _ na 
and the solution is Up =A cos E +B sin ar 


EXERCISE XXXVII 
1. Find the nth term and the sum to n terms of the recurring series : 
(i) 14+2454+144...; (ii) 1+2+54+12+.... 
2. Show that the recurring series 
2427414 s+... 
is convergent, and that the sum to infinity is 73. 

3. Show that, if wu, —2uy,_,+4tUn_.—3uUn_3=0, the series Xu,” is con- 
vergent if |x| a2 ; and if the first three terms are 1+2x+3z?, the sum to 
infinity is v3 

(1 + 22?) /(1 — 2% + 42? -- 32). 
[The moduli of the roots of x - 2x? + 4x -3 =0 are 1, 1/./3, 1/./3.] 
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4. If 3u, = TUn_) + DUn = Un_3 =0 and uU = l, Ug =$, Ug = 17, find the 
values of u,, and U, + Ug + ugt... + Up 


5. Find the nth term of the recurring series 1+2+3+5+7+9+.... 


6. If u„ is the nth term of the recurring series 1 +2+3+8+13+30+..., 
show that wu, =3${(3n -4)(-1)"+2"+?}, and find the sum to infinity of the 


series Wy +Ue/|1+us/| 2+ u, B+... 
T. If u, — ptn_y+Qun_2=0, where p?<4q, and —}7<6@<j}n, show that 
n—2 n-i 
tes LAR 4q - p? 
U, Bin 0 =u,q ? sin(n—1)@—u,q ? sin(n-2)ð, where tan g= VCD, 


8. If Zuz”, Zv, a” are recurring series of which the scales are 1+p2+qz? 
and 1+p’x+q’x*, then 2'(u,+v,)a" is a recurring series whose scale is 


(1 + px +qu?)(14+ p’x+q’x?). 


9. If Lu,, av, are recurring series of which the scales are 
Unt Plnr~tdln.2=9 and %,-+ pn s+qUn_2=9, 
where p?=344q and p? £4, then u,v, is a recurring series whose scale is 
Un ~ PP Un_, + (P + pg -2g Unz -PPI Uns + Yq Una = 9. 
[If «x, 8 and «’, B’ are the roots of 2?+px+q=0 and 2?+p’x+q’=0 respec- 
tively, then Unn = Aaa’ + BaB” + CoB" + Dah”, 
where A, B, C, D are constants. Hence the scale of. Suva” is 
(1 — wa’x) (1 ~ «B’x)(1 ~ x’ Bx)(1 — a’ B’x).] 
10. If Xu”, 2Xv,x" are recurring series whose scales are 1+px-+qz? and 
l- 2kx + k?x?, then Lu, e” is a recurring series whose scale is 
(1+ pka + qk?x?)?, 
Hence show that L’nu,x2”" is a recurring series whose scale is (1 + px +qx?)?, 


11. If 2Xu,2" is a recurring series whose scale is 1+px+qz?, then Xuz” 
is a recurring series whose scale is [1 — (p? —2q¢)x+q?x?](1 — qx). 
(If «, B are the roots of z?+px+q=0, then w,?=A(a?)"+B(B?)"+Cq", 
where A, B, C are constants. Hence the scale of Lu,2x" is 
(1 — aa) (1 — Bx) (1 -qx).] 


Zz eae u,«x", use Ex. 11 to show that 


l 
L+pxtqzu? 


Du a” = 


12. If 


l ee 
[1 - (p? — 2q)x + q?x?](1 —gz)’ 
13. Prove that each of the series 
cos x +x cos (84+) +2? cos (26+a)+..., 
sin x +g sin (9+ «)+2? sin (20+a)+..., 


is a recurring series, the scale being 1 -—2z cos 6+ 2? in each case. Show also 
that the sum to n terms of the first series is 


CO8 ~ — x cos (x — 0) — x” cos (x +8) +2"! cos (a +n — 16) 
1 — 2x cos 6+ 2? 


and that the sum to n terms of the second series may be obtained from this 
expression by changing cos to sin in the numerator. 


bd 
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6. Finite Difference Equations. Let (u,) be a sequence in 
which some or all of the terms Up, Unis Uno, --- Un-p are connected by 
an equation which holds for all values of nær, where r is a fixed num- 
ber. Such an equation is called a Finite Difference Equation. 

An important class of these equations has beén considered in Art. 5. 
Here we give methods which apply to various cases which occur in ordinary 
algebra. The general theory belongs to the Calculus of Finite Differences. 

To solve a difference equation is to express u, as a function of n in the 
most general form. 

The result is called the general solution, and from what has been said 
in Art. 5 it is clear that this solution must involve one or more arbitrary 
constants. 

A particular solution is obtained by giving these constants special 
values. 


If uw, is a given function of n containing one or more arbitrary constants, 
a difference equation may be obtained as in the following examples. 


Ex. 1. If u, ~ Cn-2 where C is an arbitrary constant, obtain the corresponding 
difference equation. 
The required equation is found by eliminating C from 


U =Cn-2 and uUy_y=-C(n-—1)-2, 
giving (n—1)u, -nuy_,=2. 
Ex. 2. If u,=Aa"™+BB" where A, B are arbitrary constants and a, B are given 
unequal numbers neither of which ts zero, prove that 
Up ~ (x + Bln) +aBuyn_. =O. 
The result is found by eliminating 4, B from 
Up= Aa" + BB", Una mAai BB", Ung = 4a? + BB. 


7. Solution of some Elementary Types. 

(1) If u,=au,_,, then u,=Ca" where C 1s an arbitrary constant. 

For u,/ty_) = Un_1/Un—2 = +». = Uy/U, =a, and u, may have any value. 

(2) Lf u,=a@,U,_, where a, is a given function of n, then u,,=Ca,d,... a, 
where C is an arbitrary constant. 


u Un _ u 
For M E e ET, W, RE, PA 
Un—} Un—2 Uy 
therefore eG 
nm potas a 122 eee Ans 


1 


and u,/a, may have any value we choose. 
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(3) If Un— anun- =bn where a, and b, are given functions of n, the 
general solution 1s 


b b b,, 
Un =A, Ay... A preg eg jg + OF 


where C 1s an arbitrary constant. 
Let v,=@,d....@,, and divide each side of the given equation by vy. 
The result is 
Un|Un = Un—1/Un—1 = bnl Vn: 
In this, writing n- 1, n—2,...2 in succession for n, we have 
Un—1/Un—1 — Un—2/Un—2 = On1/Yn—1) 


- Uy [Vq — Uv, = bafu. 
Whence by addition, 
Un|Vn — Ulv, = 5, /v, + ba V9 +... + On/Un — 51/04. 
This gives the result in question, for the value of u,/v,—6,/v, is 
arbitrary. 


In examples of this type, it is better to apply the method just described 
rather than to use the actual result. 


Ex.1. Solve the equation (n-1)uy, -—nuy_,=2. 
Dividing by n(n -1), we have 
Un|N -Un (n —1)=2/n(n - 1). 


Writing n-1, n-2;... 2 in succession for n and adding, 
ne ee a me et -*) 
n ~ u.2+2,3 t {n Tn =2(1 n° 


Hence u„=Cn -2 where C=2+4u,, and since u, is an arbitrary constant, so also 
is C. (See Art. 6, Ex. 1.) 


fix. 2. Find the general solution of Un -nun =| n. 


Dividing by |n, the equation becomes u, /|n-uyn_,/|n-1=1, and proceeding 
as before, we find that u,=|n(m+C) where C is an arbitrary constant. 


(4) The general solution of u,—au,_,=cP” is 
Ax” +cp"tt/(B—a) or (A+cnja”, 


according as a and R are unequal or equal. 
For dividing by «”, we have 


Writing n-1, n—2,... 2 in succession for n and adding, 


is eed ey, fet egt tE EN, 


a" «a 
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2 n 
Therefore Un = Ca” ye + p +... + P”) + Ba”, 
la æ? arf 
where B(=u,/x —cß/æ) is an arbitrary constant. 
; pr — or 
Hence, if «8, Un=cB > — -+ Ba", 
-a 

which may be written Un = Aa” +cp” +t (B-a), 


where A(= B -cßp/(B-«)) is an arbitrary constant. 
If «=f, then u,=cna” + Ba”. 


(5) The general solution of u,- (æ + P)Un-ı +&Bun-z=0 ts 
Uu = Aa" + BR” or u,=(A+nB)a", 

according as œ and B are unequal or equal, where A, B are arbitrary constants. 

For the equation may be written 

Un ~ Lin = P (Un -1 — Xun- 2). 

Hence by § (1), Un — Xun. 1 = CB", 

where C is an arbitrary constant, and therefore, by § (4), 
Un =Aa®+Cprtt/(B—-«) or (A +Cn)a”, 

according as a=48 or «=f. This establishes the result in question, for 
CB/(B—«) is an arbitrary constant if a8. (See also Art. 5.) 


8. Linear Difference Equations. (1) An equation of the form 
AU, + Oy, yt CUn ot act klaser cece neces (A) 
is called a linear difference equation. Here r is a fixed number, and a, 6,... 
k, l are given functions of n or constants. All the equations in Art. 7 


are of this type. 
With regard to equation (A), it should be noticed that 


(i) The general solution involves r arbitrary constants, for U,+1, Urio- 
can be found in succession in terms of uj, Us... U, Which may have any 
values. 

(ii) Lf v, ts the general solution of 

AU + bUn +C ot... tku,_,=0, 
and w,, is any particular solution of equation (A), then v, +w, is the general 
solution of (A). For it is obviously a solution, also it is the general 
solution, because v, involves r arbitrary constants. 


(i111) The method of dealing with such equations as 
au, + bu, +... +ku,_,=l); 
where a, b,...k,7 are constants and l, 1s a given function of n, is illus- 
trated in the next example. 
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Ex. 1. Solve the equation uy -Sup + bun =n? +5" +2". 
The general solution of Up —5uy,_,+6u,_,=0 is 
yy ae: a ee eer eee (A) 


Next search for a particular solution of 
Un — Sun + bung =n. 
Assume as a trial solution Up =a +bn +cn?, then for all values of n, 
a+bn+en? -5fa+6(n—1)+c(n —1)7}+6{a +bin —2)+c(n —2)3} =n. 
Equating coefficients of powers of n, we find that 
2c=1, 2b-14c=0, 2a-764+19c=0, 
giving c=4, b=%, a=4. and so a solution is 
ee O E TERO ars vista aierneuneieas (B) 


Again, taks the equation 
las m AN 
and assume as a trial solution up =a .5”,. then 
a(5” -5.5-1 46 .5%-2)=5%, giving a=*2. 
Thus a solution is 


Finally, take the equation 
Un — 5Un_1 + bUn- =2". 
Since 2 is a root of x?-57+6=0, it is clear that a.2” is not a solution. Trying 
Uy, =an.2", we have 
afn . 2% — 5(n —1)2"-1 4 6(n — 2)2%-2} = 2”, 


giving a= -2. Thus a solution is 


The general solution of the given equation is obtained by adding the right-hand 
sides of equations (A)-(D), and is 
u =} (n2 + 7n +15) +2. 59424 (A — Qn). 274+ B. 3%. 


EXERCISE XXXVIII 


1. The first term of a sequence is 1, and every other term is the sum of all 
the preceding terms. Find the nth term. 


2. If 2u„-— un =na, show that 


u 
Un Spano al g l tma nap" Faj 
3. The first term of a sequence is a, the second is b, and every other term is 
the arithmetic mean of the two preceding terms. Show that the nth term is 
t(a+2b) -4 (a -b)( - 4, 
thus proving that the nth term tends to (a +2b) as a limit as n>o. 
4. The first term of a sequence is 1, the second is a, and every other term is 


the geometric mean of the two preceding termis, 
Show that the nth term is a? where x=}{2+(-4)"—*}. 
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5. If uv, =ptn_1+qun_, and u, tends to a limit other than zero as n>, 
show that |q|<1, and the roots of 2?-px-q=0 are land -gq; also show 


that lim u, =- a 


6. Show that the equation 
Un —(a+B+y)Un_it(By + ya + aß) Unz — aßbyun-s=0 
can be written in the form 


Un — AUn_ı —(B+y)(Un_1 ~ Une) + By (Unz ~ auns) =0. 
Hence prove that 
Un — xUn 1 =BR”+Cy” or (B+Cn)f”, 
according as By or B=y, where B, C are arbitrary constants. Deduce the 
general solution of the equation as given in Art. 5, (ii). 


T. If Up= nun. +(- 1)" and u,=1, show that u,/ [n >e! as n>. 
[u,/|M=Upafim-1+(—1)"/|n.] 
8. If u =n(Un_ı+ unz) find uw, in terms of u, and 4, and show that 
Unf | m+ 1—> Up t+(u,— 2u)e! as n> 00. 
[Write the equation wu, —(n+1)uy_1= — (Un_1 — NUy_2). ] 
9. If u,=(n—1)(un_1+U,_2) and u,=0, u,=1, prove that 


m=i 1 1 (-1)") 


[2 (37 [4 Sus Ta f : 
[Write the equation in the form 
Un NUn = — {Un - (n — lun} ] 


10. Obtain a particular solution of 
Un — DUn—ı + bUn =n 
by assuming u„=an +b. 
Hence find the general solution of the equation. 


11. Find the general solution of u, — 5uy,_, + 6uy,_.=7". 
[Assume u„=a . 7” as a trial solution.] 


12. Find the general solution of 
Up — Uni ~Un En? 
[Take as a trial solution u„=an?+bn +c.] 


13. Find a particular solution of 
Up Un =8iN na 
by assuming u,,=a@ cos na +b sin na. 
Hence show that the general solution is 
sin (n + l)æ +8in na 


a as n 
es a ds 2(1+ cos a) 


a : 
14. If uunai = find u,, in terms of u. 


[nu =(n—l)un_z; note that there are two forms.} 
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15. Show that the general solution of the equation 
UnUn_1 +AU, + bUn_y+c=0 
can be written in the form 
M __ Aat + po 
n A gat +. pet 
where A is an arbitrary constant and «, f are the roots of 
x?-(a-—b)x+c-ab=0; 
unless «=f, in which case 


a, 


a — b i 
=; la tb 
n 2(A-+n) zl ) 
v 
[Write the equation as u,(U,_,+a)+bup,_,+c=0. Put Untam, 
n—2 


v 
so that u,„+a=--. The equation then reduces to 
n—~I 


Up +(b — @)0n_1+(¢ —ab)vn_2 = 9, 
unless v,,_, =9.] 
16. If uun +3u, —4U,_,-2=0, prove that 
A . 2? + 5" 


Yn grt ge 
17. If uuni tup + Un. +9=0, then 
e 3 
oa han 
] 
18. If ungi rd and wu,=:a, prove that 
a+n(1—a) 
mss (ntl) one td a) 
Ug + a 
and hor es 
N->OO |n l-a 


[Put u,=nr,.] 


CHAPTER XXIII 
THE OPERATORS 4, E, D. INTERPOLATION 


1. The Operator 4. Let u, be a function of the positive integral 
variable n, and consider the sequence uj, Up, Ug, ..-, Uns ce.. 
(i) The meaning of the symbol 4 is defined by 
Aun = Uns ~ Un 
and 4 is regarded as denoting the operation which when applied to u, 
produces the difference u,,,—U,. Here n may have any value, so that 


Au, =U,—U,, Au,g=Ug— Us, ete. 
(11) If Aun =V, then vy 4+VgtUgt... Un = Ung — Uy 
For Un =Un4 Uns Un = Un — Une Up = Ug — Uy, 
whence the result follows by addition. 
(i11) If un, Vn are functions of n, then A(u,+v,)=4u,+40p. 
For A (Un + Un) = (Unga + Ursa) — (Un + Yn) 
= (Un41— Un) + (Unga — Un) = Aup + Ap. 
In this connection it should be noted that if 
Sn = Uy + Ug + Ug t... + Up, 
then As, ts not equal to Au,+4u,t+...+4u, unless u,=0, for 
As, = (Uy + Uot... HUn + Una) — (Uy t Uot... + Uy) = Ungi 
Au, + Aug t+... + Aug = (Ug — Uy) + (Ug — Ug) +... + (Unga — Un) 


i as 


and 


(iv) Following the index notation of Algebra, the symbol 4* denotes 
that the operation 4 is to be repeated, and we write 
Au, =4 (un), AU, =4 (£un), and soon; thus 
Au, = lupy -lUn 
= (Un42 iz Un41) 7 (Un4t Fs Un) = Undo — 2Un 41 + Un; 
Aup =n -Atn 
= (Unig — Wn se + Unis) — (Ungo — 2Un41 + Un) 
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This process may be continued to any extent and, from the way m which 
the successive differences are formed, it is obvious that the numerical 


coefficients in the expressions for 4%u,, 4°u,,... are the same as those 
in the expansions of (1 —<)*, (l1—z)’,..... Hence we conclude that 
A Un = Unger Cl ugari tO Ungra — ee H(— Wy, oe eee (A) 

a result which is proved more concisely in Art. 4. 

For the sequence ug, Ui, Ua... a table of differences is conveniently 
written thus : Up Uy Us Ug... 

Aug Au, Aus 
Auo Au 


where Aug = tl, — Up, lU, =Ug— Uy, Aug = Au -Auo ete. 
Thus, for the sequence 0?, 12, 22, 32, ..., where u„=n?, we write 
ulo 1 4 9 16... 
Au 1 3 5 T 
Au 2 2 2 
Au 0 0 
and A0?=1, 470?=2, 450? =0. 

(v) If u, is a function of any variable x, the meaning of the operation 
A applied to u, is defined by du,=uz,,— Uz. 

All that has been said about the symbol 4 still holds, for in finding the 
successive differences of u, we are merely concerned with the sequence 
Ug, Uzis Uggs «> > 

Illustrations. (i) If u,=n(n-—1)(n—-2), then 

Au, =(n+1)n(n—1)—n(n-1)(n-2)=3n(n—-]), 
Au, =3(n+1)n—3n(n—-1)=6n, Alu, =6(n+1)-6n=6 
and Atu,=0O for r>3. 

(ii) If u,, =n’, since n3=n(n—1)(n - 2) + 3n(n-1)+n, by the preceding, 
Au, =38n(n—1)+6n+1=3n?+3n4+1, lu, =6n+6, Au, =6, Atu, =Q. 


2. Special Cases. (i) The following notation is often used ; we write 
1 
v,=2(2—1)(~a-2)...(2-r+1) and eS ee, e bn 
If x is variable and 4 applies to x, then 
Ax, =(x+1)a(x-1)...(w-—r+2) — z(x~—1)(x-2)... (x -7 +1) 
=a(a—1)...(w-7r+2){(2+1) -(2@-r+])}=ra(z-1)... (xv —7 +3), 


that is PBT VE i tes a etait Ut EE A EE (A) 
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Similarly we can show that 4z p= —7_pygyyy ccccrcreeeeceseeneeeteeees (B) 


it being assumed that no denominator vanishes. 
These formulae may be compared with 


d r r—l d -r —(r+1) 
ge att and T -T£ ; 
Ex. 1. Show that 
n(n—1)+(n—1)(n—-2)+...42.1 =4(n+1)n(n-1), 
n(n —1)(n ~2) +(n—1)(n -2)(n —3)+...43.2.1=4(n4+1)n(n -1)(n—-2), 


and so on. 
If S is the sum of the first series, 


S =N + (n —- l) +(n-2) +... : 
and since 4n,=3n,, by Art. 1, (ii), 
S=$(n+1) +C where C is a constant. 

Putting n =2, we find that C=0. Hence the result. Similarly for the second series. 

Of course, the rule in Ch. VIII, 3, might have been applied. 

(ii) A Polynomial. If u, is a polynomial in x of degree r, dividing 
by z,z-—1, x—2,... in succession, we can find dp, a@,,... a,, indepen- 
dent of z, such that 

Ug = Ag + A,X, + bg%g t+... HA, Lrs 
and then Au, =, + 20,7, + 30%_ +... +70,2,_1, 
APu,=2.1d,+3.2a3%,+...+7(r—-1)a,2,_2, 
and soon. Finally 
A'u,=a,.{r and A’tu,=0. 


Ex. 2. If m<r, then A™ug=| m. am 


For 4™u,=|m.a,,+terms containing x as a factor. 


3. The Operator E. The effect of the operation denoted by £, 
when applied to u,, is to increase n by unity. Thus for all values of n, 


Eun = Uns 
If a is a constant, the following equations define the meaning of E +a, 
a+ E, Ka and aE, regarded as operators. 
(E +a)u,=Un,, +au, = (a + E) up, 


(Ha) un = E (aUn) = AU = (aE) un 
Further, we write 
Eu, =H (Eun) z Eun = Un42 


3 = 2 = 
Eu, = E (Eup) = EUn = Uns 
and so on ; thus, if r is a positive integer, 


E'u, =Unir 
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Hence, if p,q are positive integers, 
BP Eu, = EP (Eup) = Bn pa = Unipa 
so that Er Etu, = EP Hu, = E1 EPU. 
Again, if a, b are constants, 
(E +a) (E + b)u, =(E +4) (uy, + bun) 
= Unig + buy, 4, + aUn 1 + abu, 
= {h? + (a +b)E + absu,. 
Thus, so far as addition (subtraction) and multiplication are concerned, the 
operator E combines with itself and with constants according to the laws of 


Algebra. 


The same is true for A, for 
Au, =Un+1 T Un = (£ = |) up. 


More generally, if u, is a function of any variable x, the operation ÈE is 


defined by 


hu, = Ugi 


4. Fundamental Theorems. If u, is a function of the variable 
x, and r is a positive integer, then 

(1) Aug = Ugar C1 Ugg py tO Ug yg — ee H( L Ug, oen (A) 

(11) Uggy = Ug t Of Aug + Cp Mu, + HA Ug, cc ececceceneeneneeeees (B) 

Proofs. The first theorem follows from the reasoning in Art. 1, (iv), 


on writing x for n. 
More easily thus: 


(i) Aug = (E -1)"u, 
={E" -C1 E" + CEE — ...4+(-1)}u, 
= Bru, — C1 Bu, + Cp ku, —...+(-1)u, 
= Uger — CiUpsr—1 + Contra —...+(-1)u,. 
Again, (11) u,,,=#'u,=(1+4)"u,, and therefore 
Una =(1 +014 +034? +... +4") uz 
l =U, Ci AU, + Chau, +...+47u,. 
(iii) If u, is a polynomial in x of degree r—1, then 
Uap Cap + OC T Soe = 1) =O... S (C) 
For the left-hand side = 4’u, =0 (Art. 2, (ii)). 
(iv) If s, ts the sum to n terms of the series uj +ug+uz+..., then 
n(n-1) 4, _n(n-1)(n-2) 


2 2 


Sn = NU, + Au,+ Au t.. PA acess (D) 
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For u,, = E"—u, =(1+4)"—1u,, therefore 
w) 


EEEE E A TF 2) 42 yt... +A 
Similarly = 
Un—_1 =U, + (n — 2) du, + a Au, +... +4"—*x, 
Uy =U, + At, 
Uy = Uj. 


Adding and using the results of Art. 2, Ex. 1, the result follows at once. 


Ex.1. Find a cubic function of n which has the values 1, -3, —1, 13 when n=1, 2, 
3, 4 respectively. 


Denoting the function by u,, we have 


n |l 2 3 4 
u, | 1 -3 -1 13 
Au, -4 2 14 
Aun 6 12 
A u 6 
and A'u, =0 for. r>3, since u, is a cubic function. 
Also Up = Eu, =(1+ 4)" ; 
iT iy, ft 1)(n -2)(n -3) 


~ Up, =U +(n-1) du, + Au, +5 By, 


-3n +2 n? — 6n? + lln — 


ee re eee eaten teeta ti 


=5 — 2n — 3n? +n. 


Ex. 2. Sum the series 
2.3+3.6+4.11+...+(n+1)(2? +2). 
Here u„=(n +1)(n? +2). This is a cubic function of n, so that 4u, =0 for n>3. 


Writing down the first four terms, we find, Up | 6 18 44 90 
as on the right, that u,=6, 4u =12, Au, 12 26 46 
Au, =14, Lu = 6. Aun 14 20 
Au, 6 
Hence by (iv), 
_ n(n —1) n(n -1)(n - 2) n(2 —1)(n —2)(n —3) 
8, =6n+ 12> |2 +14 ie aed 


=n (3n? +10n? +21n +38). (Cf. Ch. VIII, 4, Ex. 1.) 


Ex. 3. If S=a™-C{(x#4+1)"4+C}(e2+2)"—-...4(-1)"(x+r)" where r, n are 
positive integers, then S=0 if r>n and S=(-1)"|n if r=n. 

For if 4 applies to x, S=(1-£#)"x"=(-1)"d'a", and the result follows 
by Art. 2, (ii). 
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Ex. 4.* (Bernoulli's Numbers.) If B, is defined as in Ch. VIII, 8, (5), then 


r 3 A 
r e E 
(-17B,= E i (= =} or. eee eases (A) 
For n'=#"0'=(1+4)"0" and 4™”0°=0 if m>r; 
a) ees n(n—1) 3 n(n—1)...(n—-r+1) ar 
n ={nd+ Te A aaa aa A yor. vessel (B) 


Hence if §,=1"°+27+...+m", we have 
_f(n+l)n (n+1)n(n-1) ,, gerua 1). (n-r+l) aar 
8,={ 3 oe Ag tH ees aia |) ae 4 Yor. ...{C) 


Now, by definition, B,=coefficient of n in S,, hence 


[be |2 4° r— ir-1 fr. 
(a Ma CT 


Š B,={4(1-3)- -a(}-S)+.. ote a(-y zaho E (D) 


Again, equating the coefficients of n in (B), 


A3 Ar 
[i i -. „+ DE} or=0 E S ei (E) 


Hence if r>1, 


4 4? , 4 
B,={1-3+5 -t(D e ree (F) 
Moreover, 40"=1, B,=% and (-1)'B,=B, for r>1 (Ch. VIII, 8, (5)). 


Hence equation (A) holds for r>0. 


Ex. 5. Apply equation (A) of Ex. 4 to show that B,=4. 
B,=(1 -5+3 )ot=0- $+3= 
5. Operators in a Fractional Form. Many writers give the 
following ‘ proof’ of the theorem in Art. 4, (iv) : 
Sn = Uy + Ug + vee + Uy, 
=(1+H+H?+.. pias Uy 
_&r— ü (l +A)" — 
“Pol j * 
e 2h a ee yee. +474) Uy 
ES 2 
n(n-1) n(n —1)(n —2) 
2 Au, + ia 
Here the operator is written in a fractional form in order to transform 
a polynomial in £ into a polynomial in 4. 


Au +... +4"-lu,. 


= NU, -+ 


* This result was obtained by Cayley by a much more difficult process (Vol. IX, pp. 259-262 of 
his collected works). 
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The result, when obtained, can be verified by multiplication and addition ; 
this fact justifies the process. 
But at every stage the operator must be regarded as a whole. Thus the 


equation En] 
Sn = ELT Uy 
does not imply that (E —1)s,=(E"-1)u,. 


In fact the last statement is not true, for 
(E -1)sn=Sn}1 -> Sn= Uny and (E”-1)u, = Uny t. 
We conclude that, in such transformations, the operator can be put in the 
form f(4)/6(4), where f(4) and ġ(4) are polynomials in 4, provided that 
f(A) is divisible by (4), and f(4), (4) are not regarded as separate operators. 


6. Interpolation. Suppose that y is a function of x whose value 
has been determined by experiment, or otherwise, for x =a, b, ¢,.... 

The problem of interpolation is to find approximate values of y for 
intermediate values of z. 

The graphical method is to plot the points (x, y) for r=a, b, c,..., and 
draw a ‘smooth’ curve through the points. We assume that this curve 
represents as nearly as possible the graph of the function y. 

Let us suppose that the equation to the curve so drawn is y=f(x). Itis 
natural to take for f(x) the simplest function of x which satisfies the 
conditions. If y is known for n values of x, we assume that 

Y= Pot P12 + Pol" +... + Ppt"; 
where the n constants Po, p,,... are to be determined by making the 
curve go through the n points. 

If only two values of y are known, the curve is the straight line joining 
the corresponding points, and we have the rule of proportional parts as 
used in working with tables of logarithms and trigonometric functions. 


7. Lagrange’s Formula. If y=y,, Yz, Yz for x=a, b, c respect- 
ively, we assume that 
__ (a—b)(x~c) (x —a)(x —c) (x-—a)(x—b) 
I= 91 (a—b)(a—c) “*(b-a)(b-c) “* (c-a)(c-6)° 
For y is a quadratic function of x of which the values are y,, Y2 Y3 
when z=a, b, c. 
Similarly if y=4,, Ye, Yz, Y4 When z=a, b, c,d we take 
_, (@—b)(@-6)(a-d) 
“i (a=0)(a-0)(a-a) 


with similar formulae when more than four values of y are given. 
2B B.0.A. 


+ three similar terms ; 
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8. If the values of y are known for values of x at equal intervals, instead 
of applying Lagrange’s formulae, we use the operators E and 4. 

For example, suppose that y=Y, Yı Yz Yz for X=%p, Tı, To, Tz 
Assume that y is a cubic function of 2; then 4’y,=0 for r>-4, and if n 
is a positive integer, 

= Bry) = (1 +4)" Yo, 


therefore 
Yn = Yo + NAY + a A*yy + E a Ayo 
Hence the equation 7 
y= yp tay +) Ayat = Ea”) sty 


represents a cubic curve which passes through the four points (£o Yo) 
(21, Y1), --. and gives an approximate value of y corresponding to any value 
of x within the specified range. 


Ex. 1. Given that 
sin 45° =-0-7071, sin 50° =0-7660, sin 55° =0-8192, sin 60° =0-8660, 
find sin 52°. 
Let u,=104 sin (45 +52)°. Construct a table of differences as below. 


u Au A? u Aru 
Ug == 7071 
589 
w = 7660 — 57 
532 -7 
u, =8192 — 64 
468 
Us = 8660 


A Au, = 589, Au — 57, Au, T = 7. 
Assuming that 4'u,=0 for r>3, approximate values of u, are given by 


9 
U, = Ug + TMUy + tz = D fey Pa eh ii 


ž 3 


Let 52=:45+4+52, so that x=l1-4 and 


Aru, 


t =7071 
rAug=1-4 x 589 = 824-6 
= 1) Au, = -0:7 x 0-4 x57 = — 15-96 
eS Pea APug=1-4x04x0-7= 0:392 
[3 7895-992 
15-96 
U,, = 7880-032 


` sin 52° =0-7880 to four places. 
The correct seven-place value is 0-7880108. 
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If we only use the values of sin 50 and sin 55, the rule of proportional parts would 
give 
sin 52° =0-7660 +2 x 0:0532 =0-7873. 


If uy and several other terms of the sequence ug, Uy, Ug, ... are known 
and approximate values of the missing terms are required, we may proceed 
as follows. 


Er. 2. If uy=4:3315, u,=4-7046, u,=5-6713, u,=7-1154, find approximate 
values of u, and Uy. 

Four points on the graph of u, are known. We therefore assume that it can be 
represented by a cubic function of x. This is the same as assuming that d‘u,=0. 
Hence we have approximately 

Atuo =U, — 4u,+6u, —4u, + uy =O, 
Atu =u; a du, + bu, a Aua +u: =0 ; 
S Ug + 6u, = 4 (u + Us) = Uo = 37-1721, 
Ug + Uy = F$ (U5 + 63 + Uy) = 11-4619. 
' Ug =5-1420, u,=6-3199 (approx.). 


Nore. In this example u,)=tan 77°, u,=tan 78°, u,=tan 80°, u;=tan 82°, so 
we have found that tan 79° =-5-1420, tan 81° :=6:3199 (approx.). 
The correct values are 5:1446 and 6:3138. 
It should be noticed that the approximations just found are much closer than those 
given by 
Uy =$ (Uy + Ug) =5°1879, u, =} (uz + U5) =6-3933. 


9. Bessel’s Formula. In using Mathematical Tables, the effect of 
second differences may be easily and accurately allowed for by using a 
formula due to Bessel. 

Let ui, Up, My, U, be four consecutive values of a function u,, as 
given in the tables, and suppose that values of u, are required for values 
of x between O and 1. 


Denoting first and second differ- 
ences by a, b, c and d, e, as shown b f 


on the right, Bessel’s formula is “4 ; Í 
U2 
Ug = Ug + pae A E (A) 
which is the same as 
u =w tab + 2) E socks euececane: (B) 


The values of u, a, b,c can be taken from the tables, so that very 
little labour is required in using the formula. 
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To show that this gives a good approximation, and to estimate the error, 
if we neglect differences of the fourth and higher orders, we have 
1)a(z-1 
Up=(l1 +4) Hu_ =u; +(x+1)a+ 4 teas ae ae 
Now u-u =a, b—-a=d, e-d=f; and therefore 
a(e-1), (x+1)z(r-1) 


u EEE a z a ea aaa 2 
PEE ee tins = a 
so that if v, 1s the ae given by (A), 
nate ae K li Cas) 
eN 


Ex. 1. Use tables of square roots to find 12344. 
Using Barlow’s tables, we take 


ta N ZA OO s ins 
(0439020 =a 
Ug =N 12340 = 111-085553 
‘045001 =6 
Ey ee asa rns 
044983 =c. 
tig =EN 12300 Sariei ‘ 


(The differences a, b, c are given in the tables.) For ./12344, we have 
2-4, Ix(x-1)=—--06, c-—a= — 000037. 
Uy = 111085553 
zb=  -0180004 
dx (x ~l)(e-a)= -00000224 


n 12344 = 111-103556 


The result is correct to the last figure. 


10. The Operator D. When we write 
du d d'u (d\n 
dz dr” dar de) = 
the symbol L is regarded as an operator, which is sometimes denoted by 


aa D” D'u = D™+"y = Da Dry, 
If a is a constant, the following equations define the meaning of D +a, 
a+ D, Da and aD, regarded as operators. 
(D+a)u=Du+au=(a+D)u, (Da)u=D(au)=aDu=(aD) u. 
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Hence if a, b are constants, (D+a)(D+6b)u=(D+a)(Du+ bu), 
and (D+a)(D+b)u=D*u+bDu+aDu+abu={D? + (a +b) D+ab}u. 
Thus, so far as addition, subtraction and multiplication are concerned, 
the operator D combines with itself and with constants according to the 
laws of Algebra. 


11. The n-th Derivative of a Product. If u, v are functions 
d du dv 
of z, ae rnb 
a R Seer rs 


Let the symbols D,, D, denote differentiation with regard to x, and 
suppose that D, only operates on u and its differential coefficients, and 
that D, operates only on v and its differential coefficients, so that 


D, (uv) = a v, D,(uv)=u 4 ; and hence 1 (uv) =(D,+D,) uv. 


dx dx 


As D, and D, are independent of each other, they obey the laws of 
addition and multiplication, therefore 


rq \n 
( ra (uv) =(D, + Dy)" (uv) =(D," + CTD," "1D, + CED," D? +... + Da) (ur) ; 


that is, J(u) = = = 0+CT m a aT T 
This result is known as Leibniz’ Theorem, and is often written in the 
form (UV), =UV + CU, 101 + ChUn_adg +... + Un; 
where the suffixes indicate differentiation with regard to z. 
Ex. 1. If y=utv where u™ =x +(x? - k), ym =y — (x? - k), then 
(x£? - k)Ynya 4+(2n4+1) ryn 514+ (n - =) y,=0, for n=0, I, 2,.... 
Differentiating with regard to z, we have 
mu™ ~u, =1 +(x? -— ky? =u" (x? - ky? ; hence (z?- kyu, =ulm. 
Differentiating again, 


2 l 4 
(x? — k) u, +2(2?-—k) tu =u /m=(x? - k)? ulm? ; 
o (a? — k) ug + xu, -ulm =0. 


Similarly (x? — k) va +20, —v/m? =0, 
whence by addition, (x? — k) Y, + £Y, - yjm =0. 
Differentiating n times by Leibniz’ theorem, 
n(n — 1) 
(2° - k) Ynyet M206 Yngi to Yn 
+ TYn+ı t NYa 
oa Ynl m? =0 ; 


2 1 
i (x? ~ k) Yn +2 +(2n + 1) rY¥n41 +(n? - =) Yp = 0. 


This example leads to a remarkable theorem on cubic equations, given in Ch. XXIX. 
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EXERCISE XXXIX 
1. Find the polynomial of the third degree in n which has the values 2, II, 
32, 71, when n=1, 2, 3, 4 respectively. (Use Art. 4.) 
2. Use the method of Art. 4, Ex. 2 to find the sum to n terms of the serics 
(i) 1° 4+-35+5°4...5 (ii) P. 27+ 27. 3?+37. 4?+.... 
3. If uw, =x" and 4 applies to x, show that 
(i) A'u =x" (x-1); 
(ii) L+a4a?--... Helan 4+ — (a — eee 2 x 
4. Show that 
(i) c” — CB (x —y)4+ CE (a — 2y) —...4(- 1)" (a — ny)" =y” |n. 
(ii) ey —C P(x -1)(y-1) +O (x - 2)(y -2)-...+(- 1) (z~ n)(y-n) 
=a+y-—1], 2 or 0, according as n=l, n=2 or n>2. 
(iii) (n — 1PC? + (n -3PC + (n —5)P?CE +... =2 n(n4+1), if n>2. 
[In each case let S be the sum of the series. 
(i) Let u, =(x- ry)", then S=(1— E)us=( -~ 1)” 4u. 
Also 4u, ,=( ~y)” |n, ete. 
(ii) Let u, =(x --r)(y -r), then S=(-—1)”4”u, Also 
Aus=(x —l)(y-1)-zy= -x~y+1l, 4u,=2, 4u, =0 if n>2. 
(iii) Let u,=r?, then S=}{(E +1)” -(E -1)®luo; 
<. S=3{(2+4)"-A uy. Also uo=0, Auo=1, 4u =2, and 45u, =0 if s>2.] 
5. If x ,=x(x-—1)(x-2)...(x—-r+1), show that 
(x+n), =x, +C a t Cir(r —Wapet.... 
the last term being r(r-1)...(r—n+1)x,_, if ron and Cjr if r<n. 
Verify that, if n=3 and r=2, the identity becomes 
(x +3) (x+2)=r(x-—1)+6xr+6. 
6. If r" =£, +aXr_ı +b£r_ z+... prove that 
a=}tr(r-1), b=sikr(r—1)(r -2)(3r-5). 
[Equate to 0 the coeftħicients of 27! and x”~? on the right.] 
7. Show that 
(i) A7atti—(a+ łr)!r+l; 
(ii) Atar += L [a2 + re + aar (3r+1)]. |r +2. 
[Use Ex. 6.] 
8. Prove that 
x” -Cilet LP 4 Ch (e+ 2)" —...4+(-1) (x +r)” 
=(- H (x+gr)ir+1 when n=r+l, 
and =(-1)") fa? +rr4fur(3r4+)1}1r+2 when n=r+2. 
[Use Ex. 7.] o 
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9. If none of the denominators vanish, prove that 


aaa (-1) |n 
(i) 4" -=—-—_____-—>_____ , 
x x(xæ+l)(x+2)... (x+n) 
Deduce that 
Ge 
x(x +1)(x +2)... (x+n) 
l n l n 1 _y\n 
“x Haa ra +( ere, 
| ea a ee eet 
xt+l x42 m43 x4n 
Soe n(n —1) l 
Egyel 2 (æx+1l)(x+2) 
PE tad ne 1 S 
3 (x+1)(x+2)(x+3) 
10. Prove that 
Peg E 2 de a 
m m+l' 1.2 m+2 "m+n 
3 n.23 na-D.2.I y pp _ (m=)... 1 
=m m(m+l) mines iy Ei m(m+1)...(m+n)° 
11. If u,=1/(an+), show that 
r 
(i) A'u =(-1)"|r Sh ce ie 
—(an+b)\(a.n+1+4+5))...(a. rO 
l 1 1 1 
(ii) z +- + =- 


bao a as 


_n n(n—-1) a n(n-l)(n-2) a 


=b bla+b) 2 bla+b)(Qa+b) 3 
12. If x_„=l/x(x+1)(x +2)... (x+r-1), show that 
(x+n) p =Lp -Crx +C8r (r+ LI) £r} to n+ 1 terms. 


13. If n is a positive integer and y is any number such that no denominator 
vanishes, prove that 


l n n(n-1) n(n- 1)(n - 2) tl ; 
i y yly-1) yy-Dy- gE y-nt+l' 
X n n(n -— 1) n(n —1)(n -2) — (y+1)(y+2) 
Wet P Ga g@= ae Gn eG ene). 
n n(n — l) n(n —1)(n—-2) 
Te ee Get yy ee) 
(yt+1)(y+2)(y+3) 


~y- n+ l)(y -n +2)(y -— n+3)’ 
each series being continued to »+1 terms. 


[These results follow from Ex. 12 by putting successively r=1, x= -(y+ 1); 
r=2, x= -(y +2); r=3, r= -(y+8).] 
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14. Show that 

: l 1 l 

Ò zeri O erer etA 

] [n+] 
(x+n)(x+n+1) x(z+1)(x+2)...(z+n+1) 
oe ] l 1l 
8) rheid ereer) erae 

n+2 

a(%+1)(%+2)...(2x+n+4+2) 


+(-1)" 


—... to n+] terms= 


_a(a—l)(a—2)...(a—n+]) 
15. If “n= GIG- 2)... (b n+l) » prove that 
a-b a(a—1)...(a—-n+l) 
saa (6-1)(6-2)...(b—n)’ 


a-b a-b+l1 a(a—1)...(a—-n+1) 


2 pales . a at a 
aie es b b-1 (b-2)(b-3)...(b-—n-1)’ 
A'u a-b a-b+1 a-b+r-l a(a—1)...(a—-n+1) 
nb b-] b-r+1 (b-r)(b—r-1)...(b—r—n+1)- 
a a(a—1) : 
16. If u,=1, U =z» t= GLi etc., as in Ex. 15, prove that 
,, a-b a-b+1 a-b+2 a-—-b+r-l 
Ais e f Pea a ea Ra 
b b-1 b-2 b-r+1 


[Putting »=1 in Ex. 15, find 4u, Auo, etc., in succession from the equations 
Aug =U; — Up, A Ug = AU, — uo AU = AU — Auo ete.] 


17. Prove that 
a a a a 
(1 =) (1 =i) € ~5"3) = € e 


Sirat E = 8 «B= 1) = 2) 
to n+1 terms. 
[Using Ex. 16, the left-hand side =( —1)"4"u,=(1 — H)"u,.] 


18. Show that the sum of the products two together of 


1 1l ] l 
x’? e+]? z242  z+n-1’ 


is equal to 
n(n —1) n-2 1 (n — 2)(n -3) | 1 
moi | |i z+2 |2 CECE °° © ee terms} 


[Equate the coefficients of a? in Ex. 17 and put z= —b.] 


INTERPOLATIONS 
19. In Art. 4, Ex. 4, it has been shown that 


4 At 
Z r oe ed ade ee r 
(-1)B.= € zty et- £) 


T epee we 
r+] 


and use each of these formulae to show that B,= — #5. 
[Equation (D) of Ex. 4 can be written 
B, =(1 +5 - xi +4)0” and (1+4)07=HO'=1".] 

20. Given that /12500 = 111-803399, 
/12510 = 111-848111, 
„~ 12520 = 111-892806, 
»/12530 = 111-937483, 
show that ./12516 = 111-874929. 
21. Given that sec 89° 4’ = 61-3911, 
sec 89° 5’ = 62-5072, 
sec 89° 6’ = 63-6646, 
sec 89° 7’ = 64-8657, 


show that Bessel’s formula gives 
sec 89° 5’ 40” = 63-2741. 


Prove also that 


n n 
22. If S,=1" ny ra +. af 2c ee pee 
Lagi ” 

PA BOF AM gt 
ara LZY 3M. ar 4". oF 
(i) 47S, = i + 2 + 3 

9r—ı ia 

(ii) 47S, =1771 + —— Tt TE z+ = S54: 


(iii) Sn = Sp_1~+CTSp_o+CBSn_3 + e + Ch_1S9 + So. 
(iv) S,,=Sy_i+CTSp_1— C? Sn e +( — 1)"718). 
(v) Use (iii) or (iv) to find S,, Sa ... S, showing that for 
n=1,2, 3, 4, 5, 6, 7, 
S,,/e=2, 5, 15, 52, 203, 877, 4140. 
[(iii) and (iv), we have S,=(4+1)"S, and S,_,=(E£-1)"8,.] 


1 
a +... to o, prove that 


m 
23. If T =l” - o ~...+¢(-1) [m 
(i) ATT p= -Tpi 
(il) -Tn = Tna tO Tna tOna t ---+ halo To 
(iii) Using (ii), show that for 
m=1, 2, 3, 4, 5 
T,.¢=0, -1, -—1, 2, 9. 


CHAPTER XXIV 
CONTINUED FRACTIONS (1) 


1. Definitions. Any expression of the form 


b 
a,+—— P settee neeeeeteneee cette (A) 
a + PN 
a oe 
i : i ee b, b 
is called a continued fraction, and is written a, ee nen acs (B) 
Ag+ Ag 


The signs + may be supposed to be attached to the b’s, and so any 
continued fraction may be expressed in the form 
b, bs bn 


F =a t-t t n, da 
Ag+ Ag+ Ant 


where the a’s and b’s may be positive or negative numbers. The quantities 
Qi, ba/o, ... b,/a, -.. are called the elements of F, and the fraction obtained 
by stopping at any particular stage is called a convergent. Thus the first, 
ay 
T 

It is obvious that the fraction is unaltered if b,, an, b,,, (n=2, 3, ...) 
are all multiplied by any number / or if the signs of b,, a, and 6, ,, are 
all changed. Thus any continued fraction may be written in the form 
(C) where aa, a3, ... are all positive. 


: 9 
second, third, ... , convergents are tit, @+-"-—,.... 
Qs 


Ex.1. Prove that, if each fraction contains n elements, 
N ee oe a S 
+44+44°° 24442444 °° 
l 2 2 
The fraction on the left is equal to n = ree wr =o i; sr i: re 
2. Formation of Convergents. (1) Let u, denote the nth con- 
vergent of the continued fraction, 


b> b b a bo aot, +b 
F=a,+—+-—+....-*-..., SO that u=}, Uy =04 +2 = 21 2 
Ag t ag + ln ] Ao Aa 


We shall write u,=7,/¢,, Ug=Pa/qa where 


P= P= +b» qQ=l, q= 
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Observing that u, may be obtained from u, by changing a, into 
a, +b;/a,, we have 
_ (a+ bz/a3)@ +b _ az (Ag0) + by) + bza; _%P2t bsp, 
i dz + bs/ag Ag + b3 agga + bagi 
and so U3= 3/73, Where p =đ,Pa+b;pı and g3= 4392+ 5343. 
Proceeding thus we can show that, if p, and q„ are defined for successive 
values of n by the equations 


Dy =OnPn at On Pio» Vn = Ondnag T On ae curan (A) 
then Pn/qn 18 the nth convergent of F. 

Equations (A) are called the recurrence formulae. It will be found con- 
venient to write Pps ld. BNA =O pnia S (B) 
and it will be seen that po=a,p,+bgM) and go=G297, +59, 80 that 
equations (A) hold for n>2. 

(2) It is important to state all this rather more precisely : 


Definition. For the continued fraction 
N: Om 


T ii 
Qy +t azt yt 
the quantities p, and q,, are defined by the equations 


Pn = nPn-i + baPn-2 In = ann- + bnin- Lae Re tS Se eee (A) 
with the initial values pPo=1, Gg=0, Py=4, q=.. 
Theorem. If p, and q, are defined in this way, then Dn/qn ts the n-th 
convergent of F. 


Proof. Assume that this holds for the values 2, 3, ... r of n, and denote 
the nth convergent by u,, then 


_Pr = ar Pr T b, Pro 
Ir arr + brqr-2 i 
Now Pry lr- Pr-œ r-o are independent of a, and b,; also u, may 
be transformed into u,,, by writing a,+b,,, /@,,, for a,, therefore 


(a, + s) Prat Op Pr-2 
= a, Qr (a Pr + b Pro) + Op 41 Pri 


Ura = 
: ~ aryal arr- + b,qr-2) T bagra 


b, 
(a rt) drat Ord 
Dns Dp + Opa Pr—1 -Pra 
rlr + br+19r-1 Qiii 


Thus the theorem holds for n=r+1; but it holds for n=2, and 
therefore for n=3, 4, 5, ... in succession. 


Hence Ung = 
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(3) For the fraction b b b, 


2 


a ae 
Pn and q, are defined by equations (A) with the initial values 
Po=9, =l, P=, H=% 
Again, the fraction a b, b b, 
eee a 


is obtained from the fraction in § (2) by changing the signs of the b’s, so 
that the recurrence formulae are 


Pn =AnPn-1 bn Pn—2 In = an]n-1 — OnIn—2: 
In the following articles we shall call the reader’s attention to certain 
types of continued fractions which will be considered in detail later. 


2x 3x2 x 2x 
l- 24+ 3- 1° 
Calculating the convergents of the continued fraction, we have 
Pzt, Prat e Mie a a 
gla 1 °? gy 2.1-3%.1 2-32’ 
P,_3(2+%)+a(1+2x) 6+4¢ +227 
qa 3(2-32)+2.1 6-Sx ’ 
Ps _1.(6+4x+2x?)-2x(2+x)_ 1 
q5 1 . (6 —- 8x) - 2z (2 - 3x)  (1-—2)?’ 
which proves the statement in question. Notice that no fractions are reduced to lower 
terms, until the final stage. 


Ex. 1l. Prove that (1 -x)2=1 +-— 


3. Infinite Continued Fractions. With regard to the fraction 
E E N 


Te.. 9 


F =a ; 
i Ag+ z+ ` an+ 


if the number of elements is finite, F is called a terminating continued 
fraction. 

We may, however, suppose the b’s and a’s to be determined by a rule 
of such a kind that there is no last element. In this case F stands for an 
infinite continued fraction, which is to be regarded as defining the sequence of 
convergents 

Pil G1 Palas «++» PnlIn» ae 
and we say that the continued fraction is convergent, divergent or oscillatory 
according as this sequence converges, diverges or oscillates. 

If the sequence converges, the value of the fraction F is defined as 
lim Pa/qn, and we write 


F= a,+ +e bs 


rae . = lim Pal In 
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Illustrations. Let x stand for = Ea = ... to ©, where every element 
after the first is —3/2. If we assume that x may be treated as a number, 
we have «=3/(2-2) leading to «=1-,/2t, a result which is clearly 
meaningless. Again, if x stands for 

Bc ae 
2+24+2+ °° 
and we assume that x is a definite number, we have 
w=3/(2+2); .. w24+22-3=0; &, z=l1 or —3d. 

We have thus proved that if the fraction has a value, its value must be 
unity, but we have not shown that a value exists. 

In neither of these examples can the first step be justified without 
knowing that the continued fraction is convergent. 


to o, 


4. Simple Continued Fractions. An expression of the form 
1 1 1 


a + —— —— ...- ee 
1 Ag+ Ag+ a, + 


3) 


where every a is a positive integer, except that a, may be zero, is called 
a simple continued fraction. 


Theorem. Any rational number can be expressed as a simple terminating 
continued fraction which can be arranged so as to have either an odd or an 
even. number of quotients. 

Let A/B be the number, A and B being positive integers. In the process 
of finding the a.c.m. of A and B, let a,, aa ... be the quotients and 7, 
Tə ... the remainders, so that 


A=a,Bt+r,, B=rQgt%, 11 =ToGgt%s, etc., 
and therefore 
; 


A l l i l 
BO + Br M ieee aS ae 
This process terminates, and if a, is the last quotient, 
A 1 1 1 
= wo. 


oe l 
An G—-1+1’ 

and if a,=1, ee 
Ant an antl 
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Thus matters can always be arranged so that the continued fraction has 
either an odd, or an even, number of quotients, as required. 


Ex. 1. Express +834 as a simple continued fraction with (i) an even and (ii) an 
odd number of quotients. 


a,=3 | 68 | 157 | 2=a, ra 875, 1 11 
63 | 136 Segs CaA 
a=5| 5| 21| 4=a E E E A. 

a a era era acy | 


Nore. The fact that the number of quotients can be made odd or even as required 
isofimportance. For instance, the penultimate convergents to 157/68 in the two forms 
above are 30/13 and 127/55; and it will be found that (127,55) and (30,13) are 
the least solutions in positive integers of 

682 - 157y= +1 and 682-—157y= -1 
respectively. (See Art. 9 and Ch. XXV, 3.) 


Ex. 2. Use the H.C.F. process to express (1 — x)? as a continued fraction. 
The H.C.F. process is 


1/2x , 1-~2x+2? 1 I 
l — 2/2 l ~ 2x +r? 
-9/2x | ~x. 3/2 +x? Qa — x? -4/3 
-æ , 3/2 2x - x? . 4/3 
x? z? . 1/3 1/3 
ivin a Ce a n 
giving (l—-x)? ~ 1/2x+ -—4/3+ -9/2x+ 1/3 
2x 2x 1 1 
=] + 


I+ ~4/3+ -9/2x+ 1/3 

2 3x  =3/2_ 1 

T= 2+ “9/22 +1/3 

ees 

1-2+3- 1° 

In the last three steps, the statement at the end of Art. 1 has been used. 


=1+ 


5. Recurring Continued Fractions. If, after a certain stage, the 
elements recur in the same order, we have a ‘ recurring ’ continued fraction. 

The recurring elements form the ‘ recurring period’ or the ‘ cycle,’ and 
the non-recurring elements, if such exist, form the ‘ acyclic part’ of the 
fraction. 

The cycle is usually denoted by putting asterisks under the first and 
last of the recurring elements, thus 


1 1 
Tees gpa pcr Cee hy a5. 


+ 
þ—i 
* a] e 


l l., 1 1 l 
Here 32438 the cycle and 43 the acyclic part. 
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Hx... (i) If «, B are the roots of x? -ax +b=0, prove that the n-th convergent of 


is equal to (a+! — B"+1)/(a"% - B") or (1+1/n)a according as a PB or a=f. 


(ii) Hence show that the continued fraction is convergent if a?24b, and that tts value 
18 the numerically greater root of x? -ax +b =0. 


(i) Here p, and q,, are given by 
Pn =9Pn-1-OPn-2 In =4n-1 — 9n-» 
together with pọ=1, p,=a, qo=9, gq, =1. 
First suppose that «+48, then by Ch. XXII, 5, (i), 
Pn =Aa"™ + BB", 9g, =A’a™ + Bp", 
where A, B, A’, B’ are constants. Therefore 
p,=Aat+ BB =a =a +f, g,=A’e+ B’B=1, 


Po=A +B =l, =A’ +B’ =0, 
giving Ala= -B/B=A’= - B’=1]/(«-8) ; 
raug Pn=(a"t1-B9+)/(x-8) and g_=(x" - B”) (« - P), 


leading to the first result. 
Next let «=f, so that a=2« and b=ß?, then by Ch. XXII, 5, (i), 
Py =(A +B)”, qp=(4 +nB’)a”. 
Proceeding as before, we find that 4=B=1, A’=0, B’=1/a, hence 
Pr=(nt+ la”, g,=ne", p,/q,=(1+Un)a. 
(ii) If a?>46, then a, B are real. Let |a«|>|B|, then B"/a"—-0 as n> and 


Pn oY 1 (Bla) * 
In gh 1 - (B/a)” 
If a?=4b, then a=B and p,/q,=(1+1/n)a>a. 
Hence, in both cases, the continued fraction is convergent and its value is «. 


Ex. 2. If pyldn ts the n-th convergent of the recurring fraction 


1 1 1 i 
at+tb+at+b+’ 
prove that Pn — (ab + 2) Pn -2 + Pn-4=9 
and In — (ab + 2) dn-2 + In- =0. 


If n is even, the recurrence formulae give 
Pn =bPn_1++Pn-w 
Pn-1=2Pn-2 t+ Pn-s 
Pn-2= Opn_3+Pn—w 
whence eliminating Pn-ı and pn_3, we have 
Pn — (ab +2) Pn -2 Pn- =0. 


If n is odd, we have the same equations as before, except that a and b are inter- 
changed, leading to the same result. And so for the q’s. 
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Ex.3. If pall, 18 the n-th convergent of 
1 BP 3 56 (Qn - 3)? 


1+ 2+ a 24+ °° 24 
Te l 
n e sni i 
prove that Pal In = 1 5 R ~.. +(- 1) a 


Hence show that the fraction is convergent and that its value ts 7/4. 
If v,, denotes either p, or qp, we have 


Vn = 20y_1 + (2n - 3) Wn 2; 
n Uy ~ (20 — L)v__y = — (20 ~ 8) {Wn ~ (20 -3Wn -2 
and this holds if we write n-1, n—2,...2 in succession for n, therefore 
Va — (2n — 1) vn- =( - 1) (2n — 3)(2n — 5) ... 3. 1(v, — vo). 
Replacing the v’s by p’s and observing that pọ=0 and p,=1, we have 
Pn- (2n — 1) py_y=(-1)"-11 . 3.5... (2n -3); 


. Pn = Pn-1 =(- eer : 
- 113... (n-i) 1.3... Qn —3) noi? 
; Pn = 1 1 l _})\n-1 l 
sra oa a A aa 


where A is independent of n. Putting n=1, we find that 4=0. 
Next, replacing the v’s by q’s and observing that gj;=1 and q=1, we have 
In ~ (2n -1) dn =9, 
whence we find that g, =1.3.5...(2n—1), leading to the first result. 


Again, the series 1-1/3+1/5—... is convergent and its sum is 7/4; therefore the 
fraction converges and its value is 7/4. 


EXERCISE XL 


1. Find the first four convergents (unreduced) of 
ea eee 
l- 2-3-4 
2. Without calculating the convergents, prove that 
2 3 45 1 1 23 
2434+445 l1+2+3+4 


3. Express 722 as a simple continued fraction having (i) an even and (ii) an 
odd number of quotients. 


4, The reckoning on the right shows that s 
85 o 1 11 4 
5277 3-4-5 
Explain this. 
5. Express 39% in the form a-a — ..., Where the a’s are integers 
r a ae 


greater than unity. 


6. Express (2a? -a —1)/(2a* -3a) in the form 1 tee ——..., and verify 
by calculating the convergents. fit is at 
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7. Show that the nth convergent of 
1 1 1 
Sapa ae 
is (n+1)/n, and that the value of the infinite fraction is unity. 
8. Show that the nth convergent of 
1 1 1 1 
is n, and that the infinite fraction is divergent. 


a= 


9. There being (n+ 1) elements in all, show that 


ENE RR eg ne NA e 
2-2-7 2-g na-n+l 
10. If a*> 4b, the numerically smaller root of x?—ax+b=0 is equal to 
R E 
a-a-a~ a- 


[This follows from Art. 5, Ex. 1.] 


11. For the fraction b b b b 


er er ae + 
eee ee 


a+a+a+ 7 


prove that p, = —aB(a™— B")/(a-B), 9, =(a"t! - B"t)/(«—-B) where a, B are 
the roots of z?-—az-—b=0. Hence show that if a, b are positive, the fraction is 
convergent and equal to the positive root of x=b/(a + zx). 

12. If p,/q, ic the (unreduced) nth convergent of 
ba Dy Dy 
Ae ae 


and the number of terms in p,, 9, respectively are denoted by u,, Vp respec- 
tively, then u,/v, is the nth convergent of 


1 1 


ay + 


Hence show that 


1 
Una = Un = ary (CF + BOB +50 +...) 


13. Prove that l 3a xæ x exe 1 


as ee er r ee 
„~ 1 3x 2x xv 5x x 3x _ P 
ee dees erg i 


14, Prove that, each fraction containing n elements, 


1 laid wats 1 1 
l=- 4-1-4- "> a 


Hence show the nth convergent of the first fraction reduces to 2n/(n + 1). 
15. Prove that 


Lat 2? L (n — 1)? 1 1 1 


acs aa eg 
showing that the infinite continued fraction is divergent. 
[pn = (2n - l)Ppn (n -1)'Pn-2; -- Pn- MPa = (Nn - 1){Pn1- (n — 1)Pn-:}-] 


20 B.C.A- 
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16. Prove that 
a? (a+ 1)? (a +2) (a+n—1)? 


2a+l- 2a4+3-- 2a+5-  Qa42n-1- 7°" 
showing incidentally that, if k ,=a(a + 1)(a +2)... (a+n), then 
E EEE T E EA. D swal 
A ae a l’a+2° “ayn ane Dal dp =O Folds 
Use this to show that the fraction in Ex. 15 is divergent. 
[Here qn - (a +n)gni = (0 +n- 1){gn-1 > (a +n -= 1) dn_2}-] 


< A 


17. Putting a= —m, in Ex. 16, where m is a positive integer, show that 
m (m—1)? (m--2)? m 


Be ee a a a EEN 


2m — l —- 2m -3 - 2m -5—- `| l ak 


Also prove this result by induction. 
18. For the fraction L aan , rove that 
i e e ee OV 
(poe 34 n TE 
Pn In l l 1 
ae LL a -zma enn op oe Ot te . 
jut int 1 E 3 ja o n terms 


Hence show that the fraction is convergent and equal to 1/(e-1). 


19. If v is a positive integer, prove by induction that 
n n-l n--2 2 il nel 
n+n-l+n-2+ 2+2 n42’ 
20. For the fraction 


I a oe (n- 1)? 


Toe Ie 
Pn 1 1 1 
O 4 th t ay) ogee | — - cae =f n r . 
proye- vaa dn ots +(-1) = 


Hence show that the fraction is convergent and equal to log 2. 


6. Simple Continued Fractions are of the form 


Ag+ a+  dp+ 
where the a’s are positive integers, except that a, may be zero. 
Here aj, dg,... are called the (partial) quotients and if 


eae a -3 g= la +~ = Ee 1.2, ete., 
Az -+ Q+ Ag+ Ag+ 
then T, %5,... are called the complete quotients. 
Thus we have 
1 1 
t =q +--+ n.. mM IM; 


that is to say, the continued fraction x, is obtained from its n-th convergent 
by substituting the complete quotient x, for the quotient ap. 
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PROPERTIES OF THE CONVERGENTS 
T. Asin Art. 2, p, and q, are defined by the equations 
Pn=A8nPn1t+Pn-g and 9n=47In a or eee (A) 
with the initial values py=1, p,;=a@,, q%=0, q,=1. 
A) Ag+] Alya + agta 
it will be seen that q, is the same function of a, dq, ... an AS Pp; 18 


of Ais Qo; Seo Any 


1 
The convergents are ( 5) , , ete., and 


8. We have Po Pis and if nə, Pn D Pn-1 = (a, as 1) Pn— + Pn-2 > Pn- Fl; 
and so “or the q’s, since’ q,2>9,, thus p, and q, increase with n, and in 
the case of an infinite continued fraction, they tend to infinity with n. 


9. From the recurrence formulae (A) we have 
Prfn—1~ Pan = (An Pn- + Pr—2) In—1 ~ Pn—v(4nIn-1 tn 2) 
= —(Pn19n—2~ Pa -2fn-1)- 
This holds if we write n—1, n~2, ...2 in succession for n, also 
Pigo = Pon = =l, 

therefore Pirar Peia E a aN (B) 

Again, we have 

PrIn—2 ~ Pn—29n = (AnPn-1 + Pn -2) In—2 ~ Pn—2(OnIn—1 +In-2) 
= On (Pn—1%n-2- Pn -2In-1) 3 


therefore Dil a Prahe EL e iaei a (C) 
From (B) and (C) we obtain the formulae 
Pa Pringon and Pa Pantie ay.) 
In Tni Inin- In In- i InIn-2 


10. Every convergent p,/q, is in its lowest terms, also p, is prime to 
Pn-1 and In to In—1: 

For if the numbers belonging to any of the pairs (Pns In) (Par Pn) 
(Ins n-1) have a common factor g, then on account of equation (B), g 
would divide +1. 


11. From the recurrence formulae (A), we have 


l 
atos re and e e l 
Pa-1 Pn—\!Pn—2 An —] lni; In —2 


The first of these holds if we write n-1, »—2,... 2 forn. 
The second of these holds if we write n—1, n —2, ... 3 for n. 
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Also p,/pp=a, and 4q,/¢,=a,; therefore 
Paap} 1 I1 (E) 
Ree Ne a ee gee 
oe ee E re (F) 
In- Ani t an-z t aa 
It follows that of Pp,/q,, p, /q,; are respectively the r-th convergents of 
1 l 1 l 
a,+——...— and apt: sis 
Ag+ Gy Anit a 


where in the second the quotients occur in the reverse order, then 
Pn =Pn In = Pn~1 Pai =n) Gn—1 = Inai: Serre er ee (G) 


For by the preceding, py//Qn'=DPn/Pn-1 and p,_4/q, = %n/Gn—1» and 
by Art. 10 these fractions are in their lowest terms. 


12. It has been shown that if p’/q’, p/q are consecutive convergents 
of a simple continued fraction, then pq’ -p'q= +1. 

Conversely, let pq'-p'g= +1 where q’'<gq, and suppose that p/q is 
expressed as a simple continued fraction with an even or an odd number 
of quotients according as the arbitrary sign is + or —. We can prove 
that p’/q’ ts the convergent immediately preceding piq. 

For if p”/q” is the last convergent but one, by hypothesis and equation 

(B) of Art. 9, 


PY -PY=PY -P 4 ) 
Now p is prime to q, for pq’ -p'q= +1, therefore q divides q’-q'’ or 
else q =q". 
Also q’<q and g'<q, therefore q cannot divide q’-—¢q’, and con- 
sequently q =q” and p'=p", which proves the theorem. 


and therefore p(g -q )=q(p' —p’’). 


13. Sequences of Odd and Even Convergents. Let u, =Pn/ln 
then, from equations (D) of Art. 9, it follows that 
Un— Ung and up- Una 
are of opposite sign. Therefore u, lies between u,_, and Un- that is to 
say, every convergent lies between the two preceding convergents. 
Now u,<u, and consequently u <Ug<Ug; Uz <U <LUg;, Ug <LUş Lug 
and so on, therefore 
Uy Ug KUg «0. LUg IUg Ug. 
Thus the odd convergents form an increasing sequence, the even convergents 
form a decreasing sequence, and every odd convergent is less than any even 
convergent. 
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Consequently, as n tends to infinity, both u,,_, and ug, tend to finite 
limits, and these limits are the same, for by equation (D) of Art. 9, 
Uon — Uon—1 = 1/YanJan—1-> 9- 
Hence u, tends to a limit x such that for every n, 
Uon- STU: 


In other words, (i) every infinite simple continued fraction is convergent, 
and (11) tts value is greater than any odd convergent and (iii) less than any 
even convergent. 


14. Each convergent is a closer approximation to the value of the continued 
fraction than the preceding. 
l l l 


For let z=a,4-——— ...- .. and 2’=a,,,;+-——..., 
Ay t+ Ag+ Angst an2 + 


so that 2’ is the (n+1)th complete quotient, then 


PnsilQn41 = (Gn4iPn + Pn—1)/ (On4i9n + An-1) , 


and therefore z=(Z'Pn +Pn1)/ (Z lnt In) 
Consequently 2" (29n — Pn) = — (24n—1 — Pn-1) 
and g—Pn_ _In-a(y Par) | 
In Z n In-1 
Now qp>qnı and z’>1, therefore 
| 
Z — Pn < Z — Pn-1 ; 
dn In—-1 


that is to say, z is nearer to p,/q, than to Pain- 


15. Any convergent p/q of a simple continued fraction is a closer approxi- 
mation to the value of the fraction than any rational fraction r/s with a 
denominator less than q. 

For let z=a, to ..., and let p’/q’ be the convergent immediately 

2 
preceding p/q. By Art. 14, if r/s is nearer to z than p/q, it is also nearer 
to z than p’/q’. Moreover, z lies between p/q and p’/q’; therefore r/s 
lies between p/q and p'/g', and 


Thetefore q.|rg' -sp |<s; and, since rg’—sp’ is an integer, it follows 
that s>q. 
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16. If e is the numerical value of the error, in representing the value z 
of the continued fraction, by p,/q,, then 


ve ae ie ce, | ne Tena E edna eee eee tees (H) 
and within wider limits 


WOO Gis) eS Ore. erie eos (I) 
For if &,=Pn/¢n» then by Art. 13, 


Mose Mites: ae iai 
is an increasing or a decreasing sequence, therefore 
| Un — Unie | <] Un [<] Un — Unda l. 
Also by equations (D), 
| Un ~ Unie | =An42/9nIn +2 and | Unm Una | < lanny 

whence we have the inequalities (H). 

Again, dni2=4n429neit In therefore 

In42/@n42 =On4it nl On42<In41 Yn 

and 1/4, (In $ Iny) <n 42/9nIn+2- 


Also 9n43>Gn, and therefore 1/QnQn44<1/Gn?. 
Hence the inequalities (I) follow from (H). 


17. Any positive irrational z can be expressed as a simple continued 
fraction, and that in only one way. 


l ; . ; 
Let dal +- where @, is the integral part of z (which may be zero), 
2 


then 1/z,.<1 and z,>>1. Continuing the process, let 
Za =Q + l/Z3, 2 AgtL/es, = Zn = nt Vena 
where a, ag, ... are integers such that, for every r, 
a, <2, <a, +1, 
since z,>1, it follows in succession that a», az, ... are positive integers 


and we have l 1 1 
Z=0] H e ; 

do + An t Zn+i 
The process can be continued indefinitely, and leads to the infinite con- 


tinued fraction ] 1 


Fane ass Seas 
dg+ ant 


Again, we have dg<2 , d3<23, etc., therefore 


] ] 
A, t->, Q+ Pie Zə etc., 
3 


Qs 


1 1 
and aa +H ——---<%, Agt- -- <a, ete, 
da + As d; + ay 


2 
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Continuing thus, it can be shown that if u, is the rth convergent of 

F, then 
lan —1 SZ KUn: 

Now as n tends to infinity, u,,_, and Us, tend to the same limit, 
which must therefore be equal to z. That is to say, the fraction F con- 
verges to z as a limit, and we write 

l ] 

Ay + eee Oy + se. o 


2=1, + 


It remains to show that this mode of expression is unique. Suppose 


that 
1 1 1 


retin: 


2=,+—-—- ——-...=b,4+-—~— >... 
l Ag + ay + 1 bg + b3 + 


The integral parts of these continued fractions are equal, therefore 


1 1 
a=b, and a,+---—...=b+7--... 
dz + b, + 
Hence, by similar reasoning, 
1 
Q,=b, and dat-—- ...=ba+s~-- 2... 
2 = Og 3 a, + 3 A 


and so on indefinitely. Thus the continued fractions are identical. 
When z is expressed in this way, any convergent of the continued 
fraction will be called a convergent to z. 


18. The value of any infinite simple continued fraction is an irrational 
number. 

For any rational number can be expressed as a finite simple continued 
fraction. 


Ex.”l. Express (V37 +8)/9 as a simple continued fraction. 
The integral part of this surd is 1, and 


V37+8_,,V87-1_,, 4 Na7+1_) N37-3_) 7 
9 N37 +1 4 4 V37 +3 

— = _ Sa 

8743) V87-4 5, 8 Mtt g NTD gt 
7 /37 +4 3 3 /37 +5 

/37 +5 /37 -3 7 /37+3 

a= = 2 +} —- = 24+ —-— =1+ ete. 

4 4 /37+3 7 


The complete quotient (V37+3)/7 has occurred before, and the subsequent work 
consists of repetitions of the last three steps, thus, with the notation of Art. 5: 

/37 +8 

“ 9 I+ 


the continued fraction being a recurring fraction. 
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19. Approximations. (1) If a given number z is expressed as a 
simple continued fraction of which p,/g, is the rth convergent, then 
Pn/Gn is an approximate value of x in defect or excess, according as 7 is 
odd or even, and the error is numerically less than 1/¢y94,, and a fortiori 
less than 1/q,?. NOW @n4:=@nai9nt+Qn—1, hence if anı t8 large, Palan 
is a specially good approximation. 

Or again, if we require an approximation with an error numerically less 
than a given fraction lja, we calculate the convergents until we find one 
Paldn Such that qanya. This is the required approximation. Of 
course, the conditions are satisfied if ¢,>./a. 


Ex.1. It is required to find good approximations to the value of n in the form of 
vulgar fractions, given that 


The convergents are 
22 333 355 103993 


1’ 7’ 106’ 113’ 383102?) 
The denominators 106, 33102 are large compared with the preceding ones, therefore 
22/7 and 355/113 are specially good approximations, and they are both in excess. 
For 355/113, the error is less than 


1 l 
E seer 9 
113 x 33102 ~ 3740000 ~ 2 00000027. 


20. The problem may be of such a kind that no suitable approximation 
can be found among the convergents (as in Art 22, Ex. 2). 

We may then proceed as follows: Choose two convergents p/q, p'/q’, 
one an odd and the other an even convergent. If m, m are positive 
integers, the fraction P mp+m'p’ 

Q mgt md 
hes between p/q and p’/q’. Also x lies between these convergents, 
therefore P/Q is a closer approximation than p/q, and perhaps also than 
p'/q'; and it may be possible to choose m, m’ to suit the conditions of 
the problem in question. 


21. The most important fractions of this kind are the so-called inter- 
mediate convergents. Let »,/q, be the nth convergent of 


1 
B=, tO eee 
Ap + A, + 
Consider the sequence 
Pn Pat Pa+i Pat 2Pnst Pn tOAntePn+i (=P) 
3 3 na O ee = ’ 
In Int In+1 n+ UAn In t+ Ons29n+1 Yn+2 


the (r+1)th term being P,/Q, where P,=pyat?Pnsi, Gr=Int"dna1 
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The terms of this sequence (excluding the first and last) are called the 
intermediate convergents between /p,/q, and Pnis/(nag The sequence 
possesses the following properties : 


(i) It is an increasing or a decreasing sequence according as n is: odd 
or even, and the denominators form an increasing sequence. 
(ii) Every fraction P,/Q, is in its lowest terms. 
(iii) Any fraction which lies between P,/Q, and P,4,/Q,4, has a 
denominator greater than either Q, or Q,41.- 
(iv) Limits to the numerical value of the error in taking P,/Q, as the 
value of x are given by 
An~! l 
n420; In+iVr 
For we have Prag, ig PQr =Pn419n ~ Pnn =(- Ler 
whence the statements (i)-(111) follow: and because 
P/Q, Pn+2lIni2 T, Pn4alQn+1> 
is either an Increasing or a decreasing sequence, therefore 
| Pave Pel olg Pel | Post Prl 
Inia Ve | Q, | Ina, | 


Since r<@,4, this proves the statement. 


< 


Q, 


ba 


od 


< 


Now consider the sequence formed by writing down the odd convergents 


Pi Tars Wa aa P rs raa (A) 
and inserting all the intermediate convergents, then 


(i) This is an increasing sequence of fractions in their lowest terms, and 
each fraction is a closer approximation in defect to z than the preceding. 
(ii) The denominators form an increasing sequence. 
(iii) If P/Q, P’/Q’ are successive terms, any fraction which lies between 
them has a denominator greater than Q or Q”. 
Again, the sequence 
Delos sek Di cea Daaa aes (B) 
formed by the even convergents and their intermediates, has the same 
properties as the preceding, except that it is a decreasing sequence in which 
each term is a closer approximation in excess to x than the preceding. 


22. Problem. It 1s required to find the fraction which, of all those with 
denominators less than a gwen number a, is the closest approximation (in 
defect or in excess) to a given number x. 
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To do this we express x as a simple continued fraction, and calculate 

the convergents ,/q;, Pə/qa, -.. until we find p,/q, such that 
InSA<Gn41- 

If qg,=a, then p,/q, is the required fraction. 

If q,<a, we first consider approximations in defect. Taking the 
sequence (A) formed by the odd convergents and their intermediates, we 
find successive terms P/Q, P’/Q’ such that Q<a<Q’; then P/Q is 
the closest approximation in defect of all fractions with denominators 
less than a. 

For if h/k is nearer to x than P/Q, then A/k must coincide with a 
term to the right of P/Q in the sequence, or else it must lie between two 
such terms, and in either case k=>Q’>a. 

In the same way, by considering the sequence (B) formed by the even 
convergents and their intermediates, we can find the fraction with denomi- 
nator less than a which is the closest approximation in excess. Of these 
two fractions, the one which is nearer to x is the number required. 


Ex. 1. Find the fraction with denominator less than 500 which is nearest to /14. 


, D ry eM: Ta 
As in Art 18, Ex. 1, we can show that ./14=34 1+ 921426? 
* * 


p, 3383 py 449 Pa 3027 
q 89° qae 120’ gq, 809° 

For the approximation in defect, we insert intermediate convergents between 
Prlq, and Polga. These are of the form P, [Q, = (833 + 4497) / (89 + 120r). 

The conditions Q,<500<Q,,, give r-=3, and P/Q, =1680/449. 

For the approximation in excess, we consider the convergents 3/4, 210/410. Since 
a&i =l, there are no intermediate convergents and the approximation in excess is 
Ps/qa = 449/120. 

Finally, we can show that 14 — (1680/449)*-< (449/120)? — 14, 
so that the required approximation is 1680/449. 


and we find that 


hie. 2. The mean tropical year is 365-2422642 days. Itis required to find a practically 
convenient method of correcting the calendar, the year being taken as 365 days. 


We have l1 1 1 1 2 l I 
242; 9 = we ee ee ae 
eee ea Ge +4+14+62 11 
and the convergents are 
0 1 7 8 39 47 3U 
1’ 4’ 29° 33’ 161’ 194’ 1325 ` 
Take 1/4 as a first approximation. This amounts to adding 1 day every 4 years, 
and is an over-correction. 
The fraction 7/29 is inconvenient ; but 8/33 suggests an addition of 24 days in every 
99 years, i.e. make every fourth year a leap-year, except at the end of a century. 
This is also an over-correction. 
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None of the other convergents give convenient approximations ; and the same is 
true for the intermediate convergents in the first few intervals. We therefore proceed 
as in Art. 20. We choose the convergents 1/4 and 39/161, the first an oven and the 
second an odd convergent ; then, if m, m’ are positive integers, 

l m.l+m’.39 39 
4\m.4+m’. 161 © Tol 
The values m=19, m’=2 give the approximation 
19.1+2.39 97 
19.4+4+2.161 400° 
This gives one more day to be added in 400 years than the fraction 8/33 ; i.e. it makes 
every fourth year a leap-year, except those at the end of a century, with the further 
correction that every fourth century is to be counted as a leap-year. 

The fact that this approximation, 97/400, can be obtained from the convergents 
1/4 and 47/194, which are both in excess, shows that this also is an over-correction. 

The error is less than a day in 4000 years. 


MISCELLANEOUS THEOREMS 


23. Let p/q bea fraction in its lowest terms, which is an approximate value 
of some quantity z. It may be important to know under what circumstances 
p/q is a convergent to z. The answer to this is contained in the following : 


Let p/q be expressed as a simple continued fraction with an even or an odd 


number of quotients according as p/q =z, and let p'/q’ be the last convergent 
but one. 


| ! | 
P| l P Pp | ] 
I 2 Pe ee ora fortiori if |z-£) < ~~ 
PP g\ Satara)’ Peg | Sa 
then p/q is a convergent to z. 
For suppose that Pag li 1l 
Q © agt p 
where n is even or odd according as p/q =z, and let z’ be determined by 
1 
Z = ay + yee tm | 


Ag+ Ant 2" 

It is sufficient to prove that 2’>1, for then z’ can be expressed as a 
simple continued fraction in which the first quotient is not zero. We have 
ae ue and therefore £ -z= m pi 

qz +q q glg +g)’ 
Now pq'—p’qg=1 or —1, according as p/y:-z; therefore in both cases 
q(qz’ +q') is positive and 
l lp | l 


| < 


get la ST 
Hence gz’+q'>q+q and 2’>1, which proves the theorem. 


Cai 


406 SYMMETRIC FRACTIONS 


24. If p,/q, is the r-th convergent of the simple continued fraction of 
which the value is z, then 22 Pa Pn-1/ lanis according as n is even or odd. 

For if k is the complete (n+1)th quotient, 

z= (kPa + Pn-1)/(kln + Ina): 
Therefore 2? = p,,Py_1/QnQn-1, according as 
GnIn-1 (kp, + Pn)? ~ PnP n-1 (kgn + In) Z 0. 
The expression on the left is equal to 
(4? DnGn — Pn—1Yn—1) (Pnn — Pn—19n) = ( = 1” (K Pnn — Pn-afn-1)» 

and this is positive or negative according as n is even or odd, for k>1, 
Pa> Pn- ANd n>n- Which proves the theorem. 


25. If p/q is an even convergent, and X/Y an odd convergent, of a simple 
continued fraction whose value ts z, then 
pX 2 &¢Y, 
according as p/q precedes or follows X/Y wn the sequence of convergents. 
(i) If p/q precedes X/Y, let X'/Y' be the convergent which immedi- 
ately precedes X/Y. Then X'/Y’ is an even convergent, and it occurs 
later than p/q or else coincides with it, therefore 


errs <7 


Y Y’ 
and since X/Y is an odd convergent immediately preceded by X'/Y', 
AX’ pX 
etal ee aie 
z <yy and z ay 


(ii) If p/q follows X/Y, let p'/q’ be the convergent which immediately 
precedes p/q. Then p’/q’ is an odd convergent, and it occurs later than 
X/Y or else coincides with it, therefore 

= < È <ce<? ; 
Y f` 4 
and since p/q is an even convergent immediately preceded by p’/q’, 


26. Symmetric Continued Fractions. A simple finite continued 
fraction, in which the quotients equidistant from the beginning and end 
are equal, is said to be symmetric. For instance, the fractions, 


24T g, 1 1 1 1 4% l 1 1 11 


are symmetric, the former having an odd number of quotients, and the 
latter an even number. 
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The following is an important property of a fraction of this kind with 
an even number of quotients. 

A a ea ee 

q dat ay Q Ag+ ap t+ A+ G4 y+ 
the fractions p/q, P/Q being in their lowest terms, and let p'/q', P’/Q’ be 
the convergents immediately preceding p/q and P/Q, then 
P=p*+p", V=qPiq? and Y+1=P%. 
For by Art. 11, P/P’=P/Q, therefore P’=Q, also 


D =a,4 : ane and a e 

Arı t ay q arı +t Ay 
therefore 

P 1 l pP pt+p” 
may +t a 113 
Q Ag+ a+ P P4+Pq 
Poal l £ rtrg 
gatar atg Peg? 


If X =p? +p? and Y=pq+p'q', we have 
Yp-Xq=(-1yp and Xg -Yp =(-1)p; 
therefore any common factor of X and Y divides p and p', which are prime 
to onè another, therefore X/Y is in its lowest terms. So also is P/Q, 
therefore P=X and Q=Y, and consequently 


P=p+p° and Q'=@ +g”. 
Moreover, PQ’ —-P’Q=(-1)?" and P’=Q, therefore Q?+1=PQ. 


Ex.l. If p,/q, is the r-th convergent of the continued fraction 
P l 1 1 1 
@ AD oe ‘ae a, + ae a,’ 
prove that the remainders in the process of finding the q.c.M. of Q, P are 
Por—a» Paras ++» Py L 
Qs 


For P=Par, Q=Par and Po,=4,Poyr_1+ Par—a 
with similar equations, the last being p,=a,p,+1. 
Hence the G.c.M. process is that shown on the right. 


Ex. 2. Given that 2187+1=25.1901, express 1901 as the sum of two squares. 
The reckoning shows that 


1 | 218 | 1901 | 8 

1901 g 2 111111 1| 61| 157] 2 

218  l+2+1+1+2+1+8' 2 | 26 35 | 1 

Hence, if p,/g, is the rth convergent, 8 8 : l 


1901 =p}? + p,? = 267+ 357. (See Ex. 1 and Art. 26.) 
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27. Application to the Theory of Numbers. If Q is any 
positive integer, any factor of Q?+1 can be expresscd as the sum of two 
squares. 


For let @?+1=PR where P>R, then obviously P>Q and P is 
prime to Q. Let 
Qo agt ay 
then if P’/Q’ is the convergent immediately preceding P/Q, 
PR -P'Q=1=PR- Q. 
Therefore P(R-Q')=Q(Q-P') and, since P is prime to Q, it is a 
divisor of Q- P’ or else Q=P'. The first alternative is impossible, for 
P>Q and P>P’, therefore Q=P’ and R=Q. 
P: P l 1 l 
Consequently OF pee a area and therefore ag, =d, 
Qo, = etc., and the continued fraction is symmetric. 
Denoting the mth convergent of (A) by Pm/m we have, by Art. 26, 


P=pë +p p R= =4 t 


which proves the theorem. 


28. Conversely, if P=? +4? where x is prime to y and x>y, then an 
integer Q can be found so that Q?+1 is divisible by P. 
l 1 X 1 1 1 ] ] 


x 
Let — =q, + toe T} and y =A, r . EA E T 
Y Ap yt a, Q aot ` “Apt a t apat a 


then, if Pm/qm is the mth convergent to the last continued fraction, 
X=pit+ pe =+ =P and Q=Pper-r. 
Also Xqor_1—-Qpor_,=1, therefore Q?+1= Pga. 


Ex. 1. Given that 3637 = 46? + 392, find a solution in positive integers of the equation 
x? + 1 =3637y. 


Using Art. 28, we have = =] A EA a and writing down the continued 
; 39 5+1+1+ 3 
fraction 


l 1 1 1 11 


ee e ee 


1 1 
l+1+5+1I+l+5+1+1+3’ 


1027 3637 
f which the last t n pan > 272 = 
of which the last two convergents are 500’ ig’ We have 3637 x 290 — 102 l, 
and the required solution therefore is (1027, 290). 
i 
Or thus: the last two convergents of 3+- A are = and - ie Therefore 
1414541 11 13° 


y=112+132=290 and 2=,/(3637 . 290 — 1) =1027. 


RECURRING CONTINUED FRACTIONS 409 


29. If xis prime to y, any factor of z? +y? is the sum of two squares. 
For we can find an integer Q such that 2?+y? is a factor of Q?+1 and 
every factor of Q?+1 is the sum of two squares. 


30. Simple Recurring Continued Fractions. These may be 

grouped as follows : 
(1) Fractions which have no acyclic part. 

(ii) Those with an acyclic part consisting of a single quotient. 

(iii) Those with an acyclic part consisting of more than one quotient. 

The reasons for this classification will appear later. The conclusions are 
of fundamental importance, and we proceed to consider these types in 
order. 


31. No Acyclic Part. 
1 1 l1 1 1 

If amu ar area Oe Par TAES (A) 
the fraction having no acyclic part, then « is a root of a quadratic equation 
with integral coefficients. Moreover, if B is the second root of the equation, 
a 1 1 1 l 1 1 

a ae ae oe b a PTEE (B) 
where the order of the quotients is reversed, whence it follows that 
—~1<B<0. 

Denoting the rth convergents of the fractions (A), (B) by p,/g, and 
Pr qr respectively, we have 
1 1 l opy+ Ppa 


R e a aa 


therefore a is the positive root of 
Gnd" — (Da lna) EA Pye HO aas (C) 
and in the same way the fraction (B) is the positive root of 
Qn =" — (Pn - 9,3) 2 - P,—1 = 9: 
which by Art. 11 is the same equation as 
Daat SD Ga) a AG e a a (D) 
Now equation (D) can be transformed into equation (C) by writing 
-l/æ for x. Therefore —1/B is the positive root of (D), and is con- 
sequently equal to the fraction (B). 
“Also, from (B), £ is negative, and ee ; from which it follows that 


Bse P 
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32. A single Acyclic Quotient. 

l 1l ] 1 A 
where the single quotient a, does not recur, then « is a root of a quadratic 
equation whose second root cannot le between O and —1. 

1 1 1 1 1 
———-——... and bit pr ees 
bit b+ °° b,+ b+ ae es b+ b+ 
then x—a,=1/y, andif p,/q, 1s the rth convergent of the second fraction, 
as in Art. 31, 


Let r=; +; 


G2 = (Pe Qua = Pra Os. Sa ess: (B) 
and therefore Palza)? + (Pnn) (© — Gy) — Yn HO. oe eee cee eeeees (C) 
Denoting the roots of (B) by œ, B where « is positive, and the correspond- 
ing roots of (C) by «’, 8’, we have 
a’ =a,+1/a, Pp’ =a, +1/$. 
The root «’ is the value of the fraction (A), and by Art. 31 we have 
p= a,- (dt pz mt ...) =a, -b,~f 
where f is a positive proper fraction. 
Now a, and 6, are unequal, for if a,=b, then a, would belong to 
the cycle, which is contrary to the hypothesis. Consequently pf’ =I -—f 


or —I -f where J is a positive integer, and therefore p’ cannot he between 
Oand —1. 


33. More than one Quotient Acyclic. 

1 1 1l 1 l 1 1 
I "e a a a eae Pe 
f Piast aar Dy Oa baet bit bat 
in which at least two quotients do not recur, then « is a root of a quadratic 
equation with rational coefficients whose second root rs positive. 


1 1 1 l 
. and y= we see 


and let P,/Q, and p,/q, be the rth convergents of the first and second 
fractions respectively, then 


1 
Let s=a,+-—— ... ——;—_ > 
Ag+ An t+ 0, + byt 


ees 3 


1 1 1 yPm+P m- 
T= He ee co eaecaecceeveeeee B 
dat amt Y YQm + Oma e 
and da = Pen Gaa Y = Praa Oo a teas (C) 
If a, B are the roots of (C), x being positive, then by Art. 31, 
l 1 1 l 1 l 
CE a pos and a a ea. ...(D) 
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Also if we eliminate y from equations (B), (C) we obtain a quadratic in 
x with rational coefficients, whose roots œ’, 6’ are found by substituting 
a, B respectively for y in (B). Thus «’ is equal to the fraction (A) and 
a? a oe 
1 agt” amit Fm + 1/8 
From equation (D) it follows that a,,+1/B=a,,—b,—f, where f is a 
positive proper fraction. Now am is not equal to b, for if a,,=6, 
then a,, would belong to the cycle, which is contrary to the hypothesis. 


It follows that 
äm t+tl/8=I-f or —-I-f, 
where J is a positive integer. Thus 
l 
A eS VT watz “f T+f’ 
and since @,,_, is a positive integer, the expression on the left, and there- 
fore also $’, is positive in all cases. 


=O OF Qm- 


Norr. The argument depends on the existence of a,,_,, and fails if there is not more 
than one quotient in the acyclic part. 


34. Summary. It has been proved that any simple recurring con- 
tinued fraction is a root of a quadratic equation with rational coefficients. 
Also the second root B of the equation is restricted as follows : 


(i) If there is no acyclic part, then —1<B<O. 
(11) Lf the acyclic part consists of a single quotient, then B< —1 or B>O. 
(111) Lf the acyclic part contains at least two quotients, then B>0. 


Ex.1. Find the value of 1 ee f P 


Denoting the value of the fraction by z, we have 


1 1l a 
- Stas [(y +1) a4 a ay 
giving y=(/374+3)/7 and x=(/37+8)/9. 
EXERCISE XLI 
1. For the fraction ote Es l ove that = d 
. Pe Goa tt prove Pn= In—-1 AN 


1/(1 -ax ~—a*)=1+9,%4+ 9,27 4+...4+¢,0"+..., 


provided that |2|<4(-—a+~Va?+4). (See Ch. XXII, 2.) 
2D B.C.A. 
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1 1 1 
2. For the fraction —--- -—-...---- ..., prove that 
a+ a+ ayt 


(i) Pnln—s - InPn—s =(- 1) (anan + 1), 
(ii) PnYn—s ~ (nPn—a=(~ 1)" (anan an-z +n t+ an2) 
3. Prove that 
Y 1 lIl il a 
Puo ae -4 peA 
Deduce the following : 
l 1 1 1 = mm 1 1 1 1 


lalat 1) S04 ee Se a A Daye ose E 
SEARRE 24 2a+ 2+ 2a+4+ °°’ aes) as Qa+ 1+ 2a+ 
me Ooi P 
Vat—l=a-l+jy 2(a-1)°" > @+2=a+ 07 M+ a.o 

* * %* * 

4. Prove that 
l 1 1 
Vu? +l=a+—-— 


2a + Ja + [a+ 


1 1 l oOo 


Da Oa 1 ola 1) 
* 


Va? — 2 =a — l +— 


5. Prove that 
; 1 1l abc +c +a- b+ J/{(abe+a+b +c) + ay 
(i) a+; -= 
b+c 
* * 


E E ER A. A 
b+ c+ b+ La ( h(a bc- mag) 
+ * 


6. Show that 449/120 differs from ./14 by less than 1/90,000. (See Art. 22, 
Ex. 1.) 


7. A straight ruler is graduated in inches and centimetres, the ratio of an 
inch to a centimetre being N. If N is expressed as a simple continued fraction 
and p/q is any convergent, show that the distance between the graduations 
‘p centimetres ’ and ‘gq inches’ is less than the distance between any two pre- 
ceding graduations corresponding to a convergent of the fraction. 


2(bc + 1) 


8. Find the fractions which, of all those with denominators less than 500, are 
the closest approximations (i) in defect and (ii) in excess to 0-2422642. (See 
Art. 22, Ex. 2.) 


9. Given that 1 metre==3-2809 ft., obtain the two approximations, 8 kilo- 
metres=5 miles, 103 kilometres=64 miles ; and find an upper limit of error in 
each case. 


10. Given that 1 kilogramme =2-2046 pounds, show that 44 kilogrammes is 
slightly greater than 97 pounds, the error being less than half a grain. 
Obtain also the usual approximation, 7 grammes = 108 grains. 


11. If p/q, p’/q’, p”’/q” are consecutive convergents to a a simple continued 
fraction F, prove that F lies between Vpp’/qq’ and Vp’p’’/q’q”. 
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12. For the fraction F = 5 = a ..., prove that 
l EET 
(i) qa=Pn; (i) Mg -ab + Vab (ab -+ 4)}. 


Also if æ, 8 are the roots of 2?—(ab+2)x+1=0 and d,=2"-B", then 


(iii) Pen =bn = abd, /d, ; (iv) Dongs =n = (Ang — dn) / di ; 
(v) if c=ab+2, and 2?<}( —~c+Nc? +4), then 

1+bx - 2x? + 

PO pga Pat Patt ot Prp” toes 

T+ax — 2x? $ i 

oe ee + oe. E. ages 


[If wu, stands for pan or for Pani, then, by Art. 5, Ex. 2, 
Un —~CUn iy tUn_2=0, 3. U,=Ada"+ BB". 
If u,=Pen,s We have A+B=p,.<-0, Ax+ BB=p,=), 
giving A=: -B=bld,, 2. Pon =bd,/d,. 
If u=Pn Since c--a+f, then Act+BB=p,=1, dAo®+ BB?=pz=c-], 
giving A=(1-a7)d, Ber —(1-BY)Idy, X. Dona = (dq — dna) lde 
Finally, it is easy to show that 
1/(1 - ca? + xt) = (dy +x? +... dny” +...) /dy, 
and then the results in (v) can be obtained by equating coefficients. | 
13. If p,/¢, is the nth convergent to eee ve > , then 
ai + Ag+ An 


Pn—1]s—1 ~ In—1Ps—1 
l l 


aren 


nt Anat anet 


is the numerator of the (n -s) 


, l oe À 
14. Prove that the fraction a=- repa P which a is equal 
to -1 and is repeated any number of times, must have one of three values, 
and that if x satisfies the equation 22° + 3x? -32-—2=:0, the fraction satisfies 


this equation. 


1: 
aS GR ec 
az + arit Apt arit a,+a, Q 


terms, prove that @?-1 is divisible by P. 


and P/Q is in its lowest 


16. If P, Q, R are positive integers such that Q?—-1=PR and P>R, then 
P/Q can be expressed in the form 
P ] l ] l 1 1 
SO E EE E Sag 
Q A+ Apy+Q,+ arit Ag+ My 
and if Pm/lm is the mth convergent, then 


P=p,(Pp+Pr_o)s Q=PAr1 + Prr-  R=Qop=Qr—a llr + rz): 
Verify by taking P=33, Q=23. 


CHAPTER XXV 
INDETERMINATE EQUATIONS OF THE FIRST DEGREE 


In this chapter a, b, c,... stand for positive integers. 


1. Under this heading we consider integral solutions, and more par- 
ticularly positive integral solutions, of a single linear equation in two or 
more variables or of a system of m linear equations in n variables (m<n). 


2. A Single Equation of the Form ax+by= +c. It is obvious 
that we need only consider the forms 


ax—by=c and ax+by=c. 


If either of these equations is satisfied by integral values of xz, y, then 
any common divisor of a, b must divide c. Hence if a, b havea common 
divisor which does not divide c, no solution in integers exists. 

If a, b have a common divisor which divides c, this can be removed 
by division. Hence there is no loss of generality in supposing that a is 
prime to b, and we shall assume this to be the case. 


3. The Equation ax—by=1 (a prime to b). 

(i) To find a solution in positive integers, express a/b as a simple 
continued fraction with an even number of quotients (Ch. XXIV, 4). 
The last convergent is a/b. Let p/q be the convergent immediately 
preceding a/b. Then since a/b is an even convergent, aq—bp=1 
(Ch. XXIV, 9), and therefore (q, p) is a solution. 

(ii) To find the general solution in integers, suppose that (x,y) is any 
solution in integers, then 

| ax — by =1=agq — bp. 

Therefore a(x—q)=b(y—p). Hence a(x-gq) is divisible by b, and 
since @ is prime to b, x—g must be divisible by b. Consequently 
(z — 9)/b=(y— p)/a=t, 
where ¢ is an integer or zero. Hence 
z=q+bt, y=pt+at where t=0, +1, +2, etc. 


This is called the general solution in integers. 
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(iii) Since p/q is a convergent which precedes a/b, it follows that 
p<a and q<b, and from the form of the general solution we conclude 
that (q, p) is the only solution in positive integers such that p<a and q<b. 
We shall call this the ‘ least’ solution in positive integers. 


(iv) Since a(b-q)-b(a-p)=-—1, the ‘least’ solution in positive 
integers of axz—-by= -1 is (b-q,a-p). 


4. The Equation ax-—by=c (a prime to b). 

(i) To find a solution in positive integers, express a/b as a simple con- 
tinued fraction with an even number of quotients, and let p/q be the 
convergent immediately preceding a/b. Then 


aqg—bp=1 and age~bpce=c. 
Hence (gc, pc) is a solution. 


(i) To find the general solution in integers. The equation may be written 
a(x-—gc)=b(y—pc), and since a is prime to b, x—gce must be divisible 
by b. Therefore (x —qc)/b=(y—pc)/a=t, where ¢ is an integer or zero. 

Hence the general solution is 


z=qe+bt, y=pe+at (t=0, +1, +2,...). 


(iii) Let m be the integral part of the smaller of pc/a, gc/b, then the 
least solution in positive integers is (a, 8) where a=qc-—bm, P=pc-—am, 
and the general solution in positive integers is 


r=a+bt, y=Bt+at (¢=0,1, 2,...). 


Thus the equation has infinitely many positive integral solutions. 


Ex.\. Find the general solution in positive integers of 
(i) 13a - l7y =5 : (ii) 133z -l7y= -5; (iii) 13x — 17y =996. 
We find that 


n 
The convergents of the continued fractions are 
0 1 3 13, 0 1 3 10 13 
P 1’ 4’ IP 1’ 1’ 4’ 18? 17’ 
and 13.4-17.3=1, 18.13-17.10=-1. 
Hence for the first equation a solution is (20, 15). The general solution in integers is 
x=20 +17, y=15+13t (t=0, +1, +2,...). 
The least solution in positive integers (given by t= ~-1) is (3,2), and the general 
solution in positive integers is x=3+17t, y=2+13t (¢=0, 1, 2, ...). 
Similarly for the second equation a solution is given by x=13.5=65, y=10.5=60, 
and the general solution in positive integers is 


e=144+17t, y=114+13t (t=0, 1, 2, ...). 
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In case of the third equation, the reckoning may be shortened thus: Dividing 996 
by 13 (the smaller of the coefficients), we find that 996 =13 . 76 +8=13.77-5. 

Hence the equation may be written 13(2-77)-17y=-5, and by the preceding 
the least positive integral solution is given by x-77=14, y=11. 

Therefore the gencral solution in positive integers is 


x=914+17t, y=11+13t (t=0, 1, 2,...). 


Nore. In this way the solution of ax-by= +c can be made to depend on that 
of an equation of the same form in which c is less than or equal to the smaller of da, $0. 


5. The Equation ax+by=c (a prime to b). 

(1) General solution in integers. Let a/b be expressed as a simple 
continued fraction with an even number of quotients, and let p/q be the 
last convergent but one. Then aq—bp=1, and the equation may be 
written 

axc+by=c(aqg—bp) or a(cq—x)=b(y+cp). 
Since a is prime to b, cg—z must be divisible by b, and therefore 


(qc — x)/b = (y + pe)/a=t, 
where ¢ is an integer or zero. 
Hence the general solution in integers is 


xr=qe-bt, y=at—pe (¢=0, +1, +2, ete.). 
(11) Positive integral solutions. The values of t (if such exist) for which 


xz and y are positive are given by the conditions, pc/a<t<qe/b. 
Let m, n have positive integral or zero values such that 


pcela=m+f, qc[b=n+g, where O<f<l and O<g<l; 


then z, y will be positive integers if t=m+1, m+2,... n. 
Hence if N is the number of solutions in positive integers, 


Sf ue ie E E E pe 
N=n-—m į mae g te g. 


Now —1<f-g<1, and therefore 
c c 
EON EL 
ab lV zt] 
Hence, if c is not divisible by ab, the number (N) of solutions in 


positive integers is one of the integers next to c/ab, and is greater than or 
less than c/ab according as fg. 


If c s divisible by ab, then pe/a and gc/b are integers; therefore 


c 
f=0, g=1 and N= 
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Ex. 1. Find the positive integral solutions of 13x +17y=3000. 


Use the rule just given, to show that there are 13 such solutions. 
As in Art. 4, Ex. 1, we have 13 . 4-17 . 3 =1, and the equation may be written 
13x + 17y ==3000(13 .4-17.3) or 13(12000 - x) =17(y +9000): 
and the integral solutions are given by 2=12000-17t, y=13t - 9000. 
12000 15 9000 4 
Die see he ee SRO. 
17 109 17’ 13 ey 13’ 


therefore the positive integral solutions are given by ¢=693, 694, ... 705. These 
solutions are (15, 165), (32, 152), ... (219, 9). 

3000 4 15 
solutions is 13. Since 705 -693 + 1=13, this result agrees with the preceding. 


Moreover, 


; so that f<g; hence the number of 


6. Two Equations with Three Unknowns. 


(1) The general solution in integers, and all the positive integral solutions, 
if any exist, may be found as in the next example. 


Ex. 1. Find all the positive integral solutions of the pair of equations, 
2a —-2y+32=7, —4r+Ty+3z=19. 


Eliminating one of the unknowns (z), we have 2x-—3y=—4; and the general 
solution in integers of this equation is w=3m-2, y=2m, (m=0, +1, +2...). 

Substituting these values of 2, y in one of the given equations, say in the first, we 
find that 2:+32--11; and the general solution in integers of this equation is 


m=4-3t, z=1]+42t, and therefore 2=3m-2=10-9t1, y=2m=8 —6t. 


Hence the general solution in integers is 2=10-91, y=8-6t, z=1+2t. 
The only values of t for which v, y, z are positive are 0 and 1, therefore the only 
positive integral solutions are (10, 8, 1) and (1, 2, 3). 


(2) If (a, B, y) ts a solution in integers of the two equations 
ax+by+cz=d, a’xt+byt+cz=d’, 
ut is required to find the general solution in integers. 


(i) If none of the three (bc’), (ca’), (ab’) is zero, by Ch. X, 6, (4), 


the equations are equivalent to 


Denote each member of (A) by t/f where ¢ may be any integer or zero 
and f is an integer to be chosen later, then 


z—a=(be')t/f, y-B=(ca')t/f, 2—y=(ab’)t/f. 
Thus x, y, 2 will be integers for all integral values of ¢ if and only if 
f is a common factor of (bc’), (ca’), (ab’). 
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Now every common factor of these numbers is a factor of their G.c.M., 


hence all integral solutions are given by 
EN deans 
(bc) (ca) (ab) g 
where g is the a.c.m. of (bc'), (ca’), (ab’) and t=0, +1, +2,.... 
(ii) If (bc’)=0, the equations are equivalent to 


ae ey 
oe eS 1 ry? 
(ca’) (ab’) 
and it is easily seen that the general solution in integers is 


y t 


2. AP 
” (ca) (ab) gy 
where g, is the G.c.M. of (ca’), (ab’). 


7. A Single Equation of the Form ax+by+cz+...=d. 


(1) If a, b, c,... are all positive, then all the positive integral solutions 
(if any exist) may be found as follows: 


Ex. 1. Find the positive integral solutions of Tx + lly +262 =123. 
The greatest coofficient is 26, and 7 +11 +26z<123, hence z<4. Therefore the 
only possibilities are 
z=1, Jz+lly=97, of which there is one solution (6, 5), 
z=2, Tx+lly=71, me re » one ,, (7, 2), 
z=3, Tx+lly=45, 5 o5 » no P ; 
z=4, 7x+lly=19, é ee » no n 


Thus there are two solutions in positive integers, namely (6, 5,1) and (7, 2, 2). 


Ex. 2. Find all the positive integral solutions of 32, + 4z, + 7x3 +1lr;=67. 
Here llz,<67-(3+4+7), therefore 2,<5, and we may have 
ty=4, Xy=1, 3x, +47,=16, x=4, m=), 
za =2, 3x,+42,=9, no solution, 
%=3, %=1, 34,+42,=27, 2,=5,1, 2,=3,6 
%3=2, 32,+427,=20, 2,=4, x 
%=3, 32,+427,=13, 2, =3, x 
%,=4, 327,+42,=6, no solution. 


The other possibilities, namely 2,=2,1, may be treated in the same way. There 
are 28 solutions in all. 


(2) If (a, 8, y) is an integral solution of ax+by+cz=d (where a, b,c 
are positive or negative integers), other solutions are given by 
t=a+bw—cv, y=B+eu-aw, z=ytav-bu, 


where u,v, w have any integral or zero values. 
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This is obviously true. Further, we can show that tf any two of the three 
a, b,c are prime to each other, then every integral solution can be so expressed. 

For if x-a, y—B, z-y are denoted by X, Y, Z respectively, the 
equation becomes 


Gh POV ECL AO: yera (A) 


Let a be prime to b, then integers u,v can be found so that, whatever 


integral value Z may have, 
av —bu=Z. 


If, then, X, Y, Z are integers which satisfy (A), 
a(X +cv)+0(Y —cu)=aX+bY¥ +cZ=0; 
and since @ is prime to b, we must have 
A+cv=bw, Y~cu= aw, 


where w is some integer or zero. This proves the statement in question. 


EXERCISE XLII 
1. Find the least solution in positive integers of 


(i) 68x- l57y=1; (ii) 68a—157y= —1. 


In Exx. 2-7, find the general solution in integers and the least positive integral 
values of x, y. 


2. 8x --27y == 125. 3. 27x — 8y = 125. 4. 29x —-18y=1. 
5. 17x -4ly=l1. 6. 122 -7y =211. 7. 199x — 225y = 20. 


Find all the positive integral solutions of equations 8-10. 


8. Tx + 8y=50. 9. 1lz+7y=151. 10. 12x +29y=700. 


11. Express 68/77 as the sum of two proper fractions whose denominators 
are 7 and 11. 


12. Show that 1/(13 x17) can be expressed in two ways as the difference 
between two proper fractions whose denominators are 13 and 17; and express 
the given fraction in these ways. 


13. AB and CD are two rods, each one foot in length. AB is scaled off into 
13 equal parts, and CD into 17 equal parts. If the two rods are placed side by 
side, with the scales in contact, and the ends of the rods in alignment, show that 
the distance between one scale division of -1B and one of CD can never be less 
than 1/(13 x17) of a foot, and that there are two cases in which the distance 
has this value. Which are the pairs of divisions in these cases ? 


14. The sum of two positive integers is 100. If one is divided by 7 the remainder 
is 1, and if the other is divided by 9 the remainder is 7. Find the numbers. 


15. If c is increased by kab, then the number of positive integral solutions of 
ax+by=c is increased by k. [For c/ad is increased by k and f, g are unaltered. ] 
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16. The least value of c for which the equation ax+by=c has N solutions is 
given by c=at+b+(N —-1)ab. 


[This follows from Ex. 15, coupled with the fact that a+b is the least value 
of c for which the equation has one solution. ] 


17. Find the least positive integer, a, for which the equation 3x +4y=a has 
six positive integral solutions. 


18. Find the least value of c in order that the equation 13z+17y=c may 
have 13 solutions in positive integers, showing that the required value is 2682. 
Verify by finding the number of solutions for c=2682, 2681. 


19. The number of solutions in positive integers of the equation x+by=c is 
the integral part of c/b. 


Find all the positive integral solutions of equations 20-23. 


20. x+3y-—4z= 8, 21. 7x+I1ly+132=201, 
2x+ y+3z=39. Jlz+13y+ 72=209. 
22. 92+ 16y + 25z = 109. 23. 17x + 25y + 232 = 270. 


24. Find the least number which when divided by 7, 11, 20, leaves the 
remainders 1, 5, 9, respectively. Find also the general form of all such numbers. 


25. A certain set of stamps is made up of four different sorts: a collector has 
one of each sort and some duplicates. The values of the stamps are 2d., 3d., 
9d., ls., respectively; and the lot are worth 3s. 9d. Find all the different ways 
in which the batch could have been made up. 


26. A man has in his pocket three half-crowns, seven other silver coins which 
are either shillings or sixpences, and eightpence in coppers; he paid a bill of 9s. 7d. 
Find the possible number of different ways of doing so. 


27. Find the sum of money which is expressed in farthings by the same digits 
written in the same order as those which are required to express it in pounds, 
shillings and pence. 

How many solutions are there to this problem ? 


28. If (Ppi, Pe Ps, pa) is an integral solution of az, +bx,4 cxr,+dz,=e, show 
that other solutions are given by 
Ly =p, + bw —cv—du’, 
Le =P + CU — dv —aw, 
Zz =p; + dw + av — bu, 
L4=pytau’ + br’ — cw’, 
where. u, v, w, u’, v’, w have any integral or zero values. 
29. If ax+by+c=0, a’x+b’y+c’=0 and z is an integer, prove that y is an 


integer, unless both b and b’ are divisible by ab’ —a’b. 
[For a(be’)+6(ca’)+c(ab’)=0 and a’(bc’)+b’(ca’) +c’ (ab’)=0.] 


CHAPTER XXVI 
THEORY OF NUMBERS (2) 


1. Congruence. (1) Let n be any positive whole number, which we 
shall call the modulus. If a, b are any numbers, positive or negative, such 
that a-b is divisible by n, then a and b are said to be congruent with 
respect to the modulus n, and each is said to be a residue of the other. 

This is expressed by writing a=b(modn) or a—b=0(mod n), 
where the symbol = is an abbreviation for ‘ ts congruent with.’ When no 
doubt exists as to the modulus in question, we simply write a=b. Any 
statement of this kind is called a congruence. 

Every residue of a to the modulus » is of the form a+qn, where q 
may be positive or negative. If r is the remainder when a is divided by n, 
we have a@=r(mod») and Ox<r<n; 
thus r is the least positive residue of a. 

Again, a=r= — (n -r) (mod n), and either r or n—r<jn. Hence we can 
always find 7’ so that a=r'(modm) and |r'|<}n, where r may be 
positive or negative. This number 7” is called the absolute least residue of a. 

For example, if 5 is the modulus, 36=4=—-1 and -34= -4=1. Thus 
the least positive residues of 34 and —34 are 4 and 1, and the absolute 
least residues are —1 and 1 respectively. 


(2) Fundamental Theorems. Jf a@=b(mod n) and a'=b' (mod n), then 
(i)at+ta=b4+0. (ii)a-b=a —b'. (11) aa’ =b0'", and in particular ac=be. 

(iv) If a and b are divisible by d, a number prime to n, then a/d=b/d. 

For by hypothesis «a-b and a’—b’ are divisible by n, hence 

(a+a’')-(b+0') and (a-a’)-(b-6') are divisible by n. 

Again, aa’ — bb’ = (a — bja’ + (a' — b’) b, 
therefore aa’ — bb’ is divisible by n. This proves the theorems (1)-(111). 

Lastly, a—b=qn, where q is a whole number, then since a and b are 
divisible by d, so also is gn. Now dis prime to n, therefore g/d is a whole 
number, and since a/d-—b/d=q/d.n, it follows that a/d=b/d(mod n). 

In particular, of a=b(mod p) where p is a prime and if d is any common 
divisor of a and b, then aj/d=b/d(mod p), except when d=0(mod p). 

Thus a close analogy exists between ‘ congruences to a prime modulus ’ 
and ‘equalities.’ 
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(3) The following are immediate consequences of the theorems in § (2) : 

(i) If to any modulus a=a’, b=b',... kæk, then to the same modulus 
ab ... k=a'b' ... k', and in particular a” =a™,. 

(ii) If f(a; y, z, ...) is a polynomial in x, y, z, ... with integral coefficients 
and x=2', yxy’, 2=2',... to any modulus, then to the same modulus 


Se, 4,2, ...)af(a', y’, 2, ...). 


Ex. 1. Give a test as to the divisibility of a number by 7, 11 or 13. 
Any number N may be written in the form 
N =a +0a,t +4? +... +a,” where t=1000 and O<a,<t. 

Let s=ay-a,+a,—...+(-1)"a,, then we have t+1=1001=7.11.13; hence 
t= -l and t’=(-1)’, with regard to each of the moduli 7, 11 and 13. 
Consequently N=s (mod 7, 11 or 13). 

Thus if N =12345671, then s=671 -3454+12=338. Now 338 is divisible by 13 
but not by 7 or 11; therefore 12345671 is divisible by 13 but not by 7 or 11. 


2. The Numbers less than a Given Number and prime to 
it. If is any number greater than 1, the number of positive integers 
less than n and prime to it is denoted by (2): moreover, we define the 
value of m(1) as 1. Here, it should be noted that 1 is to be regarded as 
prime to every other number. Thus the numbers less than 12 and prime 
to it are 1,5, 7,11, and g(12)=4. 

(1) If a ts prime to n, the number of terms of the arithmetical progression 

£, +a, xt+2a,... x+(n—-l)a 
which are prime to n is p(n). 

For if these numbers are divided by n, the remainders are 0, 1, 2, ... 

n-1, taken in a certain order (Ch. I, 10), and if a number is prime to 


n, so also is its remainder. Consequently, as many terms in the pro- 
gression are prime to n as there are numbers less than n and prime to it. 


(2) If m is prime to n, then y(mn)=q(m) . p(n). 
To enumerate the numbers less than mn and prime to it, we arrange the 
numbers 1, 2, 3, ... mn in n rows and m columns as below: 


l 2 k m 

m+] m +2 m+k 2m 
2m+1 2m +2 2m +k l om 
(n—-1l)m+1 (n—-1l)m+2.. (n-l)m+k.. nm. 


Since m is prime to n, the numbers in question are those which are 
prime to both m and n. Now every member of the kth column is or is not 
prime to m, according as k is or is not prime to m. 
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Thus the numbers in question, being prime to m, are members of the 
(m) columns headed by numbers prime to m. 

Moreover, every column contains (n) numbers which are also prime to 
n, for the numbers in each column form an arithmetical progression of 
n terms with a common difference m which is prime to n. 

It follows that there are (m). p(n) numbers less than mn and prime 
to both m and n, that is to mn, and so y(mn) = (m). y(n). 


(3) If Mi, mg, My... M, are prime to one another, then 
P (MMM ... M,) = (M) . P(Ma) . YM)... P(m,). 


For by (2), p(m m) =gp(m;).Ø(Ma). Also m, is prime to both m, 
and mg, therefore it is prime to m,m,. Hence 


P (M MyM) = P(M Mo) . Y(Mg) = P(M) . y (Ma) . P(Ms), 


and so on, for any number of steps. 


(4) If p is a prime, then y(p") =p" (1 -1/p). 

The proposition is true when r=1, for ọ(p)=p-—l1. 

If r>1, since p is a prime, of the numbers 1, 2, 3, ... p”, those which 
are not prime to p” are p, 2p, 3p, ... p", and their number is p"-t. 

All the rest are prime to p", and their number is p’—p’-1, which 
proves the theorem. 


(5) If n=p. œ .r°... where p, q, T, ... are the prime factors of n, then 


p(n)=n(1 -5)(1 --)(1 a) ou 


For p%, gł, r°... are prime to one another, and the result follows from 


(3) and (4). 


Ex. 1. Find the number of integers less than n and prime to it, when 
n= 1024, 1025, 1026. 
We have 1024=2'°, hence (1024) =1024(1 - 4) =512. 
1025=5.41 and (1025) =1025(1 - 4) (1 - gz) =800. 
1026 =2.33.19 and (1026) =1026(1 -4)(1 -4)(1 -y5) =324. 
This illustrates the irregularity in the variation of the function y(n). 


Ex.2. If n>2, the sum of the integers less than n and prime to it is no(n). 

This is obviously true when n=2. If n>2 and zx is any number less than n and 
prime to it, so also is n-z. 

Hence the numbers less than n and prime to it can be arranged in pairs such that 
each pair has a sum n. 

Thus g(n) must be even, the number of pairs is 4(n) and the sum of the 
numbers in question is $n g (n). 
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(6) Theorem. Jf d,(=1), do, dz, ... d,(=n) are the divisors of any 
number n, then 
p(d,) + old) + pld) +... + y(d,) =n. 
Let n=p%gre... where p,q, 7,... are primes and let 
S=p(d,) + p(d,) +... o(d), 
then every divisor of n is of the form p*q¥r7... where Ox<a<a, O<y<d, 
O<z<c, etc., so that 
S= Lipper? ...)= 2p (p*) . p(9") . plr*) .--}; 
where zx, y, z,... have all values subject to the above conditions. Hence 
S is equal to the product 
[1+ p(p) +o) +... +p + P(g) +... + P(P)] 
[L+(7r)+...+@(r)].. . 
Now 1+9(p)+ p(p*) +... + p(p*) 
=1+(p-I)+(p?—p) +... +(p?~ p) =p, 
and similarly for the other series in the brackets. Therefore 
S=pt.g.r...=n. 
For instance, the divisors of 24 are 1, 2, 3, 4, 6, 8, 12, 24; and 


p(1) + p(2) + p(3) + P(4) + p(6) + p(B) + P(12) + p(24) 
=1+4+1+4+24242444+448=24. 


3. Fermat’s Theorem. If pis a prime and a is any number prime 
to p, then a®-'-—1 18s divisible by p. 

For since a is prime to p, if a, 2a, 3a, ... (p— l)a are divided by p, the 
remainders are 1, 2, 3,... 9-1 taken in a certain order. 

Also the product of the numbers a, 2a, 3a,... is congruent (mod p) 
with the product of the remainders, therefore ar- p-1= pa and 
since |p—1 is prime to p, therefore a?-!=1(mod p), which proves the 
theorem. 


Corollary 1. If pis a prime and a is any number whatever, then a? —a 
is divisible by p. 

For a?—a=a(a?-!—1), and if a is prime to p, a?-!—1 is divisible 
by p, which is a prime number. Hence in all cases a” —a 1s divisible by p. 


Corollary 2. If pis an odd prime and a is prime to p, then 
at(P-)) = +l (mod p). 
For a?! -1 =(@ 0-9 -—1)(a(?-) +1), and a?-1-1 is divisible by p, 


therefore p is a divisor of a?) —1 or of at(?-) +1, since p is a prime 
number. 
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Exu.l. The fifth power of any number N has the same right-hand digit as N. 

For N®—N is divisible by 5 and by 2. 

Ex. 2. The ninth power of any number N is of one of the forms 19m, 19m+1. 

If N is prime to 19, since 4(19-1)=9, by Cor. 2 we have N®= +1 (mod 19). 
Otherwise we must have N =19m. 


4. Euler’s Extension of Fermat’s Theorem. If 1 is any num- 
ber and a is prime to n, then a?™ = 1 (mod n). 


Let a,(=1), ay, dg, ... Qom) be the numbers, in ascending order, less 
than n and prime to it, and consider the products 


Ody. Qty; GAS bon Alge Aara an a (A) 


lf these are divided by n, the remainders are all different. For if we 
suppose that two products as aa,, aa, (rœs) give the same remainder, then 
a(a,—a,) would be divisible by n. This is impossible, for a is prime to n 
and @,—@,<n. 

Also the remainders are all prime to n, for the factors of any product 
are both prime to n. 

Hence the remainders are the numbers a, dg, ... Agim) taken in some 
order or other. Now the product of the numbers in the set (A) 1s con- 
gruent (mod n) with the product of the remainders, therefore 


AW) | Ady ... Apin) =l ... Aon) (mod n), 


and dividing by ajag... Qon) Which is prime to n, we have the result in 
question. 


5. Wilson’s Theorem. If p is a prime number, then jp-1+1 1s 
divisible by p. 

For if a is any one of the numbers 1, 2, 3, ... p—1, and if the products 
l . a, 2a, 3a, ... (p— l)a are divided by p, the remainders are the numbers 
1, 2, 3,... p—1, taken in some order or other. Hence, for every a, there 
is one number a’ and one only, such that aa’ =1(mod p). 

If a' =a, then a*-—1 must be divisible by p, and since p is a prime 
and a<p, it follows that either a+l=p or a—1=0. 

Thus 1 and p—1 are the only values of a for which a’ can be equal to a. 

If then a is any one of the p-3 numbers 2, 3, ... p— 2, then a’ is not 
equal to a. Consequently, these numbers can be arranged in $(p—3) 
pairs, such that the product of each pair is congruent with 1. 

Therefore 2.3...(p—2)=1(modp) and [p-l=p —1 (mod p). 

Hence \p-1+ 1=0(mod p), which is the result in question. 


Nore. The numbers a, a’ are called associated residues, each being the associate of 
the other. (Euler.) 
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Conversely, if |p-1+1 ts divisible by p, then p ts a prime number. 
For otherwise p would have a factor q which would divide |p-1 and 
| p-1+l1. 


Ex. l. Prove that |28 +233 is divisible by 899. 


We have 899=29.31, also 233=1 (mod 29) and 233= 16 (mod 31). 
By Wilson’s theorem, | 28 28 +1=0 (mod 29), therefore | | 28 + 233=0 (mod 29). 


Again, to the modulus 31, we have |30+1= 0, iee 30.29. |28+1= 0, 
and so (-1)(-2) | 28 +32= 0. Since 2 is prime to 31, it follows that |28+16= =20; 


and therefore | 28 +233=0. Hence | 28 + 233 is divisible by 29 and 31, and therefore 
by 899. 


6. Lagrange’s Theorem. If pis a prime and r is any number less 
than p-1, the sum of the products of the numbers 1, 2,3,..., p—1 taken 
r together is divisible by p. 

Let f(x)=(%+1)(x+2)...(c+p—1); then if a, denotes the sum of the 
products of 1, 2,3,..., p—1 taken r together, 


FD en ss POs, ao ewes (A) 
Also we have the identity (r+p)f(z)=(z+1)f(x+1), that is, 
(x + p)(x?-! +a, £? + aP +... +a5_}) 
=(x +1)? +a (x +1)? +a,(x+1)?-2+...+ap(£+1). (B) 
Equating the coefficients of 2?-?, x?—3, ... x, we find that 
pa, =CR+ECE 1! a, 


pa, = 03 +037 *a,+C?~*a,, 


p p—i 2 
Pay_o = Cp-1 + Cp- 24; + eee Cipo 


Now, since p is a prime, C? is divisible by p, for r<p; and 0271, O?~?, 
etc., are all prime to p. It follows in succession that a,, ao, ... dp. are 
all divisible by p, which is the theorem in question. For another proof, 
see Art. 11, (6). 


Note. We can immediately deduce the theorems of Wilson and Fermat, thus : 
(i) Equating the terms independent of z in the identity (B), 
Papp =l ta, t+agt+...+ayp_1, 

and since a, d,..., &p_» are divisible by p, so also is ay_,+1, that is |p-1 p-1l+1 
is divisible by p, which is Wilson’s theorem. 

(ii) If x is any number prime to p, one of the numbers z+1, x+2,..., £s+p-l1 
must be divisible by p, hence f(x)=0 (mod p). 

Also f(z)=2?-!+a,_,=2?-!—1 (mod p), therefore z?-1-1=0 (mod p), which is 
Fermat’s theorem. 
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Ex.l1. If pis a prime, greater than 3, prove that 
(; +5 +... to i}: |p -1=0 (mod p°). 
If, in the identity (A), we put x equal to p and —-2p in succession, we have 
(p+1)(p +2)... (2p -1)=dp_,+4p_2. Pt+Gy_3- p? +... +p? 
(2p —1)(2p - 2)... (p +1) =ap_y ~4p-2 . 29+ Ayp_g 4p? +... 4+ (2p)? ; 
and since the left-hand sides are identical, we have by subtraction, 
3P . Ay. ~ IP? . ap- +IP? . apa ~ ... — (2P —1)pP 1 =0. 
Now, since p is a prime greater than 3, aps exists; and, by Lagrange’s theorem, 
it is divisible by p. 
Hence, 3p .a@y_. is divisible by p?; and, since 3 is prime to p, it follows that 


@p-g ìs divisible by p?. 
Ha. 2. If pisa prime, greater than 3, prove that, for all integral values of m, 
Li ag aE 
is divisible by p™18, E 


Substituting rp for x in the identity (A), we have, as in Ex. 1, 


(rp +1)(rp +2)...(rp +p —1)=a,_, (mod p°), 


where r=], 2, 3,..., m-l, and p is prime and greater than 3. 
Hence, [e+ pf (|7P- |p)=r+1 (mod p’); 


and, by giving r the values 1, 2,..., m—1, it follows that 
| mp | (|p) = | (mod p3); 


hence, | mp — | m ( p)™=U (mod p™+3). 


EXERCISE XLIII 


1. If N =a +Q,t+a,t?+...+a,t", and S=d)—-a@,+@,-... +(-—1)"t", 
where t=10000 and O<a,<t, prove that =: S(mod 73 or 137). Hence state 
a rule for the divisibility of a number by 73 or 137. Apply it to 30414 and 81103. 

2. If p is a prime and 2,, £z, Xa, ... X, are any numbers, show that 

(Ly tE t... HELPE LP HELP +... HHP (mod p), 
and in particular (ax)? =ax? (mod p), where x is any number. 
Consequently, a? =a (mod p), and if a is not divisible by p, a?-1=1(mod p), 
which is Fermat’s theorem. 
3. Prove that, if n is a prime greater than 7, then në- 1 is divisible by 504. 


4. Prove that, if n is a prime greater than 13, then n??—1 is divisible by 
65520. 


5. If p and q are different primes, then p?~!'+q@?-1—1 is divisible by pq. 
6. If p is a prime of the form 4m+1, show that |3(p—1) is a solution of 
the congruence, x? +1=0 (mod p). 
[Show that 1.2.3.....2m=(4m). (4m-— 1). (4m — 2) ... (2m+1) (mod p).] 
2E B.C.A. 
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7. If p is a prime of the form 4m-—1, show that |ẹ(p-1) is a solution of 
the congruence, x? -—1=0 (mod p). oo 
8. If the congruence, x?= — 1 (mod p), has no solution, show that 
(i) jp-1=(-1)}}#-); and (ii) that p is of the form 4m — 1. 


Neen a net maeman 


9. Show that [18 +1 is divisible by 437. 
10. If p is a prime, 2 |p -3+1 is divisible by p, 
11. If n is any odd number, show that 


~- | 1 l 
|n —] k Tat 3 wad toty feo (mod n). 

12. Arrange the numbers 2, 3, 4, ... , 15 in pairs, a and a’, such that for each 
pair, aa’=1 (mod 17). 

13. Let n=aPb%" ..., where a, b, c,... are different primes, and consider the 
groups 

a, 2a, 3a,...n/a.a ab, 2ab, 3ab, ... njab . ab 

b, 2b, 3b, ... N/B.LB p> eeen (A) bc, 2bc, 3bc, ... njbc. be t> 


LA E O E E E E eo tae eee vee e ee fo — Lame eee OOOO ROH HOHE H HHH OHH HHH EK OS 


together with groups (C), (D), etc., formed in a similar way from the combinations 
of a, b, c, ... taken 3, 4,... together. If Si, Sə 83, ... denote the sums of the rth 
powers of the numbers in the groups (A), (B), (C), ... respectively, show that the 
sum of the rth powers of the numbers not greater than n and not prime to it is 
8) — Sa HS3 —Syt.... 

14. If S, is the sum of the squares, and S, the sum of the cubes, of the numbers 
less than 2 and prime to it, show that 


(i) s.=3n°(1 -5) (1 -5) = +an(I —a)(1—b)(l—c)..., 


(ii) S =i (1 -=) (1 -5) i +m —a)(1—b)(1—c)..., 


where a, b, c, ... are the different prime factors of n. 
[Use the last example to show that the sum of the squares of the numbers not 
greater than n and not, prime to it is 


ym (Ze-Lipt)4 
a ab 


l l 
‘47 2 = -L 
3 n? +- n( Ža- Lab+...).] 


2 


7. Roots of a Congruence. If f(x) is a polynomial of the rth 
degree in x, with integral coefficients, any value of œ which satisfies the 
condition f(z) =O(mod n) is called a solution or root of the congruence 
f(x) =0, which is said to be of the rth degree. 

If xz) is a root of the congruence f(z) =0(mod n), so also is any number 
congruent with z, to the modulus n. 

Two roots will be regarded as distinct only when they are incongruent 
with respect to the modulus, and when we say that a congruence has r 
roots we mean that it has r distinct roots. 
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Ex. 1. It follows from Fermat’s theorem that, if p is a prime, the roots of the 
congruence xP?-1—-1=:0 (mod p) are 1, 2, 3,...p—1. 


Ex. 2, Every square number is of the form 5n or 5n+1, thus no square can be 
congruent with 2 to the modulus 5. In other words, the congruence 2x?= 2 (mod 5) 
has no solution. 


Nore. It is obvious that, in dealing with the congrucnce f(z)=0 (mod n), we may 
replace any coefficient by any number congruent with it to the modulus n. Thus the 
congruence 132=17(mod 5) is identical with 3r=2 or with 37= -3 or with 
x= —1 (mod 5). 


8. The Linear Congruence. (1) If a is primeto n, the congruence 
ax=b(mod n) has just one distinct root. 

For if the terms of the arithmetical progression 0, a, 2a, ... (n—1)a are 
divided by n, since a is prime to n, the remainders are the numbers O, 1, 
2,... ~—1, in some order or other. Hence there is just one value of x 
such that az=b(mod n) and 0<a<n. 

To solve ax=b(mod n) when a is prime to n, let afn be expressed as a 
simple continued fraction with an even number of quotients, and let y/2xg 
be the last convergent but one. 


Then az)—ny)=1, so that az=1(modn). Therefore ax=b=abay, 
and since a is prime to n, £=bzọ which is the required solution. 

If a is small, or the product of small primes, it is generally easier to 
proceed as in Exx. 1-3 below. 


(2) If a is not prime to n, and g is the greatest common divisor of these 
numbers, there are g incongruent solutions of ax=b(mod n), provided that b 
as dwisible by g. If bis not divisible by g, there is no solution. 

For let a=ga’, n=gn', so that a’ is prime to n’. We require values of 
x such that ga’x—6 is divisible by gn’. No such value exists unless 6 is. 
divisible by g. If this condition is satisfied and b=gb’, then a’x-b’ is 
divisible by n’ and the given congruence is equivalent to a’x=b'(mod n’). 

Since a’ is prime to 7’, the last congruence has one solution «<n’, and 
g solutions <n, namely, a, x+n’, «+2n’,... a+(g—1)n’, which are 
the g distinct roots of az=b(mod n). 


(3) The expression b/a(mod n) is used to denote any solution of 
ax =b(mod n). 
If a and n have a common divisor which does not divide b, then b/a(mod n) 
has no meaning: in every other case it has infinitely many values. If a 
is prime to n, these values are all congruent (mod n): if a is not prime to 


n, they are all congruent (mod n/g) where g is the greatest common divisor 
of a and n. 
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Such expressions possess many of the properties of ordinary fractions, 
and it is easy to prove the following : 


(i) If @=a’ and b=b'(modn), the expressions a/b(modn) and 
a'/b' (mod n) are equivalent. 
(i1) am/bm(mod mn) is equivalent to a/b(mod n). 
(iii) ak/bk(mod n) is equivalent to a/b(mod n), if k is prime to n. 
Ex. 1. Solve (i) 5x=2 (mod 7); (ii) 15x=6 (mod 21). 
(i) Here 5r=2 -7= -5(mod 7), therefore x= —1=6(mod 7). 
(ii) Since 3 is a divisor of 15, 6, 21, the congruence is equivalent to 5x=2(mod 7), 
so that z=6(mod 7) and r=6, 13, 20(mod 21). 
Ex.2. Solve 36r='7(mod 157). 
7_ -150 -~50 -25 132 
See th a Se ; = CE eS SS - SS d 5 . 
We have 12r7= a= —y = 50, therefore x 13 6 = 3 22(mod 157) 
Ex.3. Solve 17x=11(mod 43). 


48. 1 11 , — 
We have 7 =p ae Tn 8 and the third convergent is 5/2, thus 
1=43.2-17.5= -17.5(mod 43) and 3);(mod 43)= -5. 
Therefore x= 14 (mod 43)= - 55= 31 (mod 43). 


(4) Simultaneous Congruences. (i) It is required to find x so that 
x=a(mod«æ) and x=b(mod ß). 
We have x=a+ay where y is given by 
a+ay=b(mod B) or o«y=b-—a(mod 8). 

Let g be the greatest common divisor of œ and $. If b-a is not divisible 
by g there is no solution. Otherwise, there is just one value y, of y less 
than 8/9, which satisfies the last congruence, and the general value of y is 
given by y=y,+/g.t, so that the general solution is 

c=2,+aB8/o.t where 2,=a+ay. 

Thus a solution 2, of the given congruences exists if, and only if, b-a 

is divisible by g, the greatest common divisor of œ, 8, and then the con- 


gruences are equivalent to the single congruence =z, (mod l), where l is 
the L.C.M. of æ and B. 


It should be observed that solutions always exist when « is prime to $. 


` 


(i1) To find x so as to satisfy a number of relations of the form 
z=a(moda), x=b(mod B), x=c(mod y), ... 


we replace the first two by x=2,(mod1) as in the last section. Taking 
this with the third, the first three congruences are equivalent to 


© =2%_(mod m), 
where z, is any solution (found as before) and m is the t.c.m. of l and y, 
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and therefore of a, 8, y. Continuing thus, it will be seen that the gwen 
congruences are together equivalent to «=&(mod L) where € is any solution 
and L is the L.c.m. of «œ, B, y,.... Moreover, a solution always exists 
if a, B, y,... are prime to one another. 


Ex... Given that 35x=4(mod 9) and 55x=2(mod 12), find the general value of x. 


4 4 2 
Se = ES aa = ~e 9 == 9 n 
We have T=z; (mod 9)= — j= 5(mod 9) and x 55 (mod 12)= —=2(mod 12) 


Hence x=5+9y=2(mod 12), giving y == (mod 12)= x (mod 4)= 1] (mod 4). 


Thus y=1+4¢ and x=5+9(1 +4t)=14+436t, which is the general solution. 


(5) We can apply these methods to solve a linear congruence when the 
modulus is a composite number, as in the next example. 


Ex. 2. Solve 19x=1(mod 140). 

We have 140=4.5.7, and therefore 19x=1 for the moduli 4, 5 and 7: and 
since these numbers are prime to one another, any value of x which satisfies these 
conditions is a solution. Thus we have 


1 1 1 = 
= jg (mod 4)=— >= - l (mod 4), z= yg (mod 5)= - ] (mod 5), 
d gee (mod nee = —4(mod 7) 
an = jg (mod N= = : 


Hence x= —14+4y= —1(mod 5), so that y=5z. 
Therefore 2=-—1+20z= -4(mod 7) and =>" (mod 7)=3(mod 7). Thus 


z=3+7t, y=15+35t and x=59+140t, which is the general solution. 
In this case the solution can be found more easily by the method of § (3), Ex. 3, thus 


140 . 1 1 1 1 . 59 n 
jo 7! tae in 2a 3° The fourth convergent is F’ and 59.19-140.8=1. 
Therefore x= : (mod 140) = 59 (mod 140). 


9. A Theorem on Fractions. If n is the product of factors a, b, 
c, d,... l, which are prime to one another, and m 1s prime to n, the fraction 
mjn can be expressed uniquely in the form 

m a y 


À 
= a ee stdin Bota a a a sceeerouse (A) 


where a, B,... A, k are positive integers and «<a, B<b, etc. 


Let a'=bcd ... l, then a is prime to a’, and therefore integers z, x’ can 
be found so that a’x+az’=m. Moreover, 2’ is prime to a’, for any common 
factor of these two would divide m, which is prime to a’. Thus we have 


m xr r m t r 
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Proceeding in this way, we can obtain a relation of the form 


where x, y, z, w are integers, and then m/n can be put in the required form 
by writing z=a+hk,a, y=B+h.b, etc., where «, B,... are the least 
positive residues of x,y, ... with regard to the moduli a, b, ... respectively. 

Again, if we multiply each side of the equality (A) by n, it will be seen 
that a.bc...dJ=m(moda), B.ac...l=m(mod b), ete. Since be... | is 
prime to a, «œ has just one positive value less than a. Similarly £ has just one 
value less than b, and so on. Hence the expression found for m/n is unique. 


Ex. 1. Express a in the form ate + + 1 +h, the fractions being positive proper 
fractions and k an integer. 
Here x, y, z, u are determined by 
5.7.11l2=101(mod 4), l.(-1)(-l)r=l, x =1(mod 4); 
4.7.lly=101(mod 5), (-1).2.1l.y=1= -4, y=2(mod 5); 
4.5.11z=101(mod 7), (-3)(-2). 42 33, z=1(mod 7); 
4.5.7u=101(mod 11), 4u =1=12, uw=3( mod 11). 


With x=1, y=2, z=1, u=3, we find that $4+24+44+-=1/)24; so that k= -1. 


10. The General Congruence. In this article f(x), g(x), ... will 
denote polynomials with integral coefficients. 


(1) If every coefficient of a polynomial f(z) is divisible by n, then f(x) 
is divisible by n for all values of x, and we say that f(x) is identically con- 
gruent with zero to the modulus n. This is expressed by writing 


f(x) = 0(mod n). 

Again, f(x) is said to be identically congruent with (x)(mod n) if 
f(x) - p(x) =0(mod n), which is also written as f(x) = y(x)(mod n). 

(2) Division (mod n). If f(x) is divided by g(x), a polynomial of 
lower degree than f(x), we obtain an identical relation of the form 

f(x) =Q (x) . p(x) + R' (x), 

where the remainder R’(x) is of lower degree than o(s). 

Suppose that any coefficient which occurs in the division is replaced by 


any number congruent with it (mod n). The process modified in this way 
is called division(mod n), and leads to an identical congruence of the form 


f(z) = Q(x). p(x) 4+- R(x) (mod n), 
where R(x) is of lower degree than (z). 
If R(x)=0(modn), then f(x) is said to be divisible (mod n) by g(x). 
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If f(z) is divisible (mod n) by (x—«a)", the congruence f(x)=0 (mod n) 
is said to have r roots equal to a. 


Ex. 1. Prove that 2, 4, 6 are roots of 5x3 + 3x? — 4x —-2=0(mod 7). 
Division (mod 7) by x-2 and x-4 in succession is 10154 32422 
shown on the right. In the third line 13 is replaced by 10- 2+2 
-1l and ~6 by +1. In the last linc 19 is replaced by 5 4 124!5- 14 140 
and 21 by 0. The reckoning shows that 20 +20) 
523 + 3a? — 44-277 5(x-—2)(x --4)(x+1)(mod 7), 5E DEU 


so that the congruence holds when x=2, 4 or 6. 


11. Congruences to a Prime Modulus. The analogy between 
congruences and equalities is carried a step further by the following 
theorems, in which the modulus p is a prime. 


1) If MN=0O(mod p) where p is a prime, then either M =0(mod p), 
or N=O(mod p). For since MN is divisible by the prime p, either M or N 
is so divisible. 


) If x is a root of f(x)=O(mod p), then f(x) ts divisible(mod p) by 
x-a. For by division(mod p) we have f(x) =Q(z).(¢- T where 
R is independent of x. Putting x=a we have R=f(«)=0(mod p); 
therefore f(r) is divisible(mod p) by x-a. 


(3) If f(x) is divisible(mod p) by (x-a) and by (x -pfp where «£B, 
then it is divisible(mod p) by (x—~a)"(x— p). For any common divisor 
of x-x and x-ẹ$ isa divisor of x—f which is independent of z. 


4) If f(x) is a polynomial of degree n, the congruence f(x) =O(mod p) 
aa have more than n roots, any root which occurs r times a g counted 
as r distinct roots. This follows at once from the preceding theorems. 


5) If f(x) =0(mod + ws a congruence of the n-th degree with n roots and 
jisa F of f(x) of degree r, then the congruence œ(x)=0(mod p) has 
r pe This is an immediate consequence of (4). 


6) If p is a prime, it follows from Fermats theorem that the roots of the 
congruence x?-'~-1=0(mod p) are 1, 2, 3,..., p—1, and therefore 
| rz? —] = (x-1)(x-2)... (4 -p +1)(mod p). 
Hence if a, denotes the sum of the products r together of 1, 2,3, ... p—1, 
it follows that a,7%?-" —agr?-3 +... +0, .% — (pol +1} = O(mod p). 
Hence a, =0(mod p) for r<p-—1, which is Lagrange’s theorem 
(Art. 6); also jp-1+ 1 =0(mod p), which is Wilson’s. theorem. 


ix. 1. Solve x? +2+1=0(mod 7). 
Here 427 +42 +40, or (2x+1)?= -3=4; and2x+1= +2. Hence x= 2 or 4(mod 7). 
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In treatises on the Theory of Numbers the notion of congruence is 
extended to complex numbers, thus completing the analogy referred to at 
the head of this article. 


12. Reduction of a Congruence. Let f(x)=0(mod p) be a con- 
gruence of the nth degree to a prime modulus p. Let the roots of the 
congruence be «,, %,... %,, Where some of these may be multiple roots. 

By a modified u.c.F. process we can find a congruence R(x)=0(mod p) of 
degree r of which the roots are di, dy, ... Hp 

For the roots of 2?-!-1=0(mod p) are 1, 2, 3,... p—1, hence every 
solution of f(x)=O(mod p) is a solution of «®-'—1=0(mod p). 

Let the H.c.F. process be carried out for the functions f(x) and 2?-1-1 
-with the modification that any coefficient may be replaced by any number 
congruent with it (mod p) ; then the last divisor R(x) is the highest common 
divisor(mod p) of f(x) and #?-1~—1. 

The truth of this statement depends on the following. Let u, v be any 
two consecutive remainders in the process. If w is the next remainder, 
w=au+bv where neither a nor b is divisible by p. Hence the common 
divisors(mod p) of u and v are the same as those of v and w. 

it follows that R(x)=0(mod p) is the congruence referred to above. 


Ez.1. Show that the congruence 324 -—223-—42?-2-1=0(mod 7) has only one 
distinct root and solve it. 

Carrying out the modified u.c.¥. process for the left-hand side and 2*-1, it 
is found that the last divisor is x+2, showing that -2 is the only distinct root. 
By division (mod 7) we find that 3x4 — 223 - 4a? -x - 1= 3 (x +2} (x° -3)(mod 7). 

Now x?=3 (mod 7) has no solution, hence -2 is the only distinct root. 


EXERCISE XLIV 
1. Find the form of z, if 
(i) 29x=1(mod 13); (ii) 2e=3(mod7) and 32=5 (mod 11); 
(iii) 8c=1 (mod 7), 3x=4 (mod 11), and 7x=3 (mod 20). 
2. Solve (i) 78u=1(mod 179); (ii) 78a 13 (mod 179). 
3. Solve (i) 16r=31 (mod 1217) ; (ii) 30x= 31 (mod 1861) ; 
(iii) 15x= 28 (mod 1009) ; (iv) 26x=35 (mod 1901). 
4. If x=a (mod 22) and x=b (mod 40), show that a-b is even and 
x= 100a — 996 (mod 440). 

5. If x=a (mod 16)=b (mod 5)=c (mod 11), prove that 

x= 385a + 176b — 560c (mod 880). 
6. If x=a (mod 7)=6 (mod 11)=c (mod 13), prove that 

= — 286a + 364b -77c (mod 1001). 
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7. If =a (mod 3)=b (mod 5)=c (mod 7), prove that 
x= — 35a +21b + 15c (mod 105). 


| x y 2 
bisana ar). h fi es) eo, Er meant i 3 
1760 in the form gn tet qt where x, Y, Z, k are positive 
integers and x<32, y<5, z< 1l. 


8. Express 


A 
ww 


I, a ar 
9. Express joo: P the form z +-- +k, where z, y, z, k are positive 


001 7 Il 13 
integers and <7, y<ll, z<13. 


10. Find the form of numbers, of which the first, second and third powers are 
of the forms 3n+], 4n+1 and 5n+1 respectively. 


11. If n? -2 is divisible by 7, and n?—3 is divisible by 11, find the form of n. 
12. If x?+42+42 is divisible by 23, find the form of x. 


13. If n? and (n+1)? are of the forma I]m+4 and 12m-+4, find the form 
ofn. 
14. Find four consecutive numbers divisible by 5, 7, 9, 11 respectively. 


15. ‘Prove that the congruence 3x1 — 4r? - x? + 3x -4=0 (mod 7) has only two 
incongruent solutions, and find them. 


16. Prove that the congruence 4a4=52°344?4224-5(mod11) has four 
incongruent solutions, and find them. 


17. Prove that the congruence ilr’+1=0 (mod 29) has only one distinct 
solution, and find it. 


18. Bicycle gear as a revolution counter. 


A bicycle with no freewheel has, cece 
19 teeth in the back chain-wheel, ene n ae =a > 
62 teeth in the front chain-wheel, _. a % C J Bs 
121 links in the chain, A 3 š 2 
and the circumference of the back a a j 
wheel of the bicycle is known tobe O ""t se “ey a i 
almost exactly 7 feet. 0a Sevan 
Prove the following rule to find Fic. 64. 


the number of revolutions (R) of 
the back wheel (and so the distance travelled) in any journey of not more than 
10 miles. 

Mark a tooth A in the back chain-wheel, a tooth B in the front chain-wheel, 
and a link C in the chain. At the start count the teeth or links from 4 to B 
and from A to Č in the direction of turning. At the finish count these again. 

Take the increase from A to B or 62 minus the decrease, and denote it by a. 

Take the increase from A to C or 121 minus the decrease, and denote it by b. 

Then the number ÈR is the remainder in the division (3025a + 21086) --7502. 

[If z is the number of revolutions of the back wheel, 


19x=a(mod 62) and 19%=6(mod 121). 
Hence show that 2=49a(mod 62) and 2x=51b(mod 121), 
and therefore ; = 3025a + 21086(mod 7502). | 


CHAPTER XXVII 
RESIDUES OF POWERS OF A NUMBER, RECURRING DECIMALS 


Residues of Powers of a Number. 


1. If a and g are prime to any modulus n, the least positive residues of 
successive terms of the geometrical progression a, ag, ag*,... recur, and if t 
is the number of terms in the recurring period, t<m(n) and is independent 
of a. 

Denote the residues by 79,71, fa etc. Each of these is one of the p(n) 
numbers <n and prime to it, for since a and g are prime to n, so 18 every 
residue. Hence, of the numbers fo 71, To.. Tan), at least two, say fs 
and fp are equal. Therefore ag’=ag*+'(modn); and, since a is 
prime to n, hence g'=1(modn). It follows that agt=a, agtt!=ag, 
agtt? =ag?, etc., and so 1,=19, Tia1="p Tisa =» ete., where t<p(n). 

Moreover, the number of terms in the period is the least index for which 
g'=1(mod n). 

It should be noticed that: (1) No two residues in the period are equal. 
(1) If r,=1, then w=O(mod?), and conversely. (i) If r,=7,, then 
j2=v(mod t), and conversely. (iv) ru41=9r, (mod n). (v) If 2-1 occurs 
as a residue, the subsequent residues are n—1,, N—7T., N—-T3, etc.; for 
they are congruent (mod n) with —g, -—g*, —g°, ete. 


Thus for the modulus 19, the residues of 2°, 21, 22, ... are 
index. 0,1,2,3, 4, 5,6, 7,8, 9,10, 11, 12, 13, 14, 15, 16,17, 18... . 
Residue. 1, 2, 4, 8, 16, 13, 7, 14, 9, 18, 17, 15, 11, 3, 6,12, 5,10, 1.... 
Having found 1r,=16, we have 1r,=16x2=13(mod 19). Again, 
r?=18=19-—1, and the subsequent residues are 19-2, 19-4, ete. 


Here t=18 = (19), and every number not divisible by 19 is congruent 
(mod 19) with some power of 2. 


For the modulus 13, the residues of 5°, 51, 52, ... are 


Index. 0,1, 2, 3, 4,5, 6, 7, 8, 9, 10, 11, 12. 
Residue. 1, 5, 12, 8,1, 5, 12, 8,1, 5,12, 8, 1. 


Here t=4, which is a divisor of (13) = 12. 
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2. If g is prime to n and t is the least index other than zero for which 
g'=1(mod n), then t=q(n) or is a dwisor of p(n). 
For g?)=1(mod n), so that t may be equal to (n), and by the pre- 
ceding t<q(n). If t<q@(n), let p(n)=at+b, where O0<d<t#, then 
gi") =g% 1? = (gt) . g? =9>(mod n). 
Therefore gt=1(mod n), and consequently b=0, for b<t. Hence, if 
t<(n), itis a divisor of p(n). 


Second proof. Let the least positive residues of g°, g}, g?, ... g'-} be 
iis Og Ugh aut Oy ca. AE EE (A) 


Each of these is one of the y(n) numbers less than n and prime to it. 
Also no two of them are equal; forif a,=a, where s<r<t, then 


g'=g (mod n) and g’=l, 
which is not the case, for r—s<ct. 
Let S denote the set of numbers less than n and prime to it. If the set 
(A) includes all the numbers in S, then t= q(n). 
If some number 6 of the set S does not occur in the set (A), consider 
the residues of bg®, bg', bg’, ... bg'—1, denoting them by 


Dis Dis Oenes e o E (B) 
These are all included in the set S, for b is prime to n. Also they are different 
from one another and from those of the set (A). 

For if b,=b, where s<r<t, then bg’=bg*, and since b is prime to n, 
g"—=1, which contradicts the hypothesis that ¢ is the least number such 
that g'=1. 

Again, if b.=a,(r<t,s<t), then bg”=g*, and therefore b=g*-" or 
b=g'-"-’) according as sr. In both cases b would belong to the set (A), 
which is contrary to supposition. 

If the sets (A) and (B) include all the numbers in S, then 2¢=q(n). : 

Otherwise 2t<q(n), and then some number c of the set S does not occur 
in (A) or (B). We then consider the residues of cg®, cgt, cg, ... cg*—, 
denoting them by Ph Dike aad E (C) 


As before, we can show that these numbers are all included in S, and 
that they are different from one another and from those in the sets (A) 
and (B). 

Thus 3txøg(n);. and, if 3t<ø(n), the process can be continhed until 
the numbers in S have been arranged in groups of ¢ numbers. Hence ¢ is 
a divisor of (n). 


Incidentally, this proof establishes the truth of Euler’s generalisation of 
Fermat’s theorem. 


438 PRIMITIVE ROOTS 


3. An Odd Prime Modulus: Primitive Roots. Let p be an odd 
prime, g any number not divisible by p, and ¢t the least index for which 
g‘=1(mod p), then g is said to belong to the indez t. 

Since g(p)=p-—1, tis equal to or is a divisor of p—1l. If t=p-1, so 
that the period of residues includes every number less than p, the period 
is said to be complete and g is called a primitive root of the modulus p. lft 
is a divisor of p—1, the period is incomplete and g may be called a sub- 
ordinate root. 

Hence tf g is a primitive root of p, every number prime to p is congruent 
with some power of g. 

It can be proved that, for any odd prime modulus, primitive roots exist ; 
for the present we assume this to be the case. When one has been found, 
the others can be found as in the following illustration. 


Illustration. In the margin, for the modulus 13 the least positive 
residues of 2°, 2!, 22, ... 24! are written down round 
the circumference of a circle. 7 l 9 
Every number less than 13 occurs, and so 2 is a 10 


primitive root of 13. 4 
Hence, without further reckoning, we can write 9 8 
down the residues (mod 13) of powers of any number. 9 3 
Thus for powers of 6, since 6225, 67 =2!°, etc., 1] 6 
the residues of 6°, 6!, 6,... are found by starting 12 
Frc. 65. 


with l and taking every fifth number. The residues are 
1, 6, 10, 8, 9, 2, 12, 7, 3, 5, 4, Il. 


Every number less than 13 appears, the reason being that 5 is prime to 12. 

Hence 6 is a primitive root; and, in the same way, if p is any number 
less than 12 and prime to it, 2# is congruent (mod 13) with a primitive 
root. 

Since y(12)=4, there are four primitive roots of 13; they are congruent 
with 2!, 25, 27, 21, and are equal to 2, 6, 11, 7, the first, fifth, 
seventh and eleventh numbers in order round the circle, counting 
from 1. 

Again, we have 5=2°, and the residues of 5°, 51, 52,... are obtained 
by counting every ninth number, or every third number in the reverse 
order. 

Since 3 is the greatest common divisor of 9 and 12 and 12=3. 4, after 
four counts we reach the number, 5, from which we started. 

Thus 5 is a subordinate root ; it belongs to the index 4, and the period 
is 1, 5, 12, 8. 
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4. If p is an odd prime, g any number >1 and not divisible by p, ¢ the 
least index for which gt=1(mod p) and fo, fi, Ta... the least positive 
residues of g®, gt, g?,..., then 


+r tTa +.. tH y~=H=l+gtgt+...+g 
=(g'-—1)/(g-—1) mod p 
=(Q(mod p), 
that is to say, the sum of the residues which form the period is divisible by p- 
Thus if p=13 and g=5, then t=4 and 


To trita +ry=]1+5+12+8=13x2. 


Again, suppose that e is a factor of ¢ (not ¢ itself) and t=ef. Starting 
with any residue r,, and taking every eth residue, we have the sequence 


Res Neate Mediaset 
These residues recur, and they form a sub-period containing f residues ; 
for g*’=1{mod p) if x=ef, and for no smaller value of x. Also 


Tmt Tmtetlms2et ++ Tlmt(7—1) € ans +9° +g% +... +g4%-)*) (mod p) 
g” — 1)/(g* — 1) (mod p) 
al p). 
Hence the sum of the residues forming the sub-period is divisible by p. 
Thus if p=19 and g=2 (See Art. 1, (v)), then ¢=18 and 


Tota tfta +... $7yg=14+44+164+7494174114645=4x19, 
Titta tT to ti tr =2+16+14+17+3+5=3x 19. 


5. Recurring Decimals. Let m<n and prime to n, then 


1) If n is prime to 10, m/n is equal to a pure recurring decimal with a 
period of t figures, where t is the least index other than zero for which 
10t=] (mod n); so that t=q(n) or is a divisor of p(n) 

For the remainders 7, 79, 73, ..., in the process of expressing m/n as a 
decimal, are the least positive residues (mod n) of m, 10m, 10?m,.... 
Hence, by Arts. 1 and 2, the remainders recur, with a period of ¢ figures. 

Also if m/n=0-d,a,...@,, then 1,/n=0-@,4;A,49 -.. Aya, ... Ag SO that 
all the fractions m/n, 7,/n, r./n,... have the same period. It follows that 

(i) If ¢=q(n) and mis any number <n and prime to it, all the fractions 
m/n have the same period. 


(11) If g(n)=et where e>1, the fractions m/n can be arranged in e 
groups of ¢ fractions, such that the periods are the same for fractions in 
the same group and different for those in different groups. 

This follows from the reasoning in the last part of Art. 2. 
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(iii) If n=p, any prime except 2 or 5, then t=p—1, or t is a divisor of 
p-1, according as 10 ts or 1s not a primitive root of p.* 
If n=p’, then o(n)=p"-'(p—1) and ¢ is equal to or is a divisor of 
p’1(p—-1). The case in which n=p? deserves further consideration. 
(iv) If p is a prime, not 2 or 5, and 1/p has a period of t figures, then 
l/p? has a period of t or pt figures. 
For let T be the number of figures in the period of 1/p*, and let 
F(t) =1 +10 4-10% +... 4+100-t, 
Then F(t)=O(mod p), for 10'=1(mod p), and therefore 
107 — 1 =(10¢— 1) F(t) =0(mod p?). 
Hence T is pt, or a divisor of pt, and, since p is a prime, JT =t or pr, 
where 7 is t, or a divisor of t. 
If r+<t, we have 
1 +107 + 1027+... +10%-2)7 = (10(?-1)7 — 1)/(107 — 1) =O0(mod p), 
for 107 is not =1. Hence F(r)=10%-))*=1 (mod p). 
Now 1077 -1 =(107—1) F (7), 
and therefore 10?™—1 is not =0(mod p?). 
Consequently 7 is not <t and T=t or pt. 


Nore. The only known cases in which 1/p? has a period of. é figures are when 
p=3 or 487. 


2) If F= i, where m is prime to 10, and k is the greater of the two 


25r 
u, v, then F is a terminating decimal with k figures. 

For 10*F is an integer with not more than k digits, the last of which is 
not zero. 


(3) If Fa 


J55, <l, where m, n and 10 are prime to one another, then F 


ts a mixed recurring decimal, with a period of t figures, where t is the number 
of figures in the period of 1/n. 

For let k be the greater of the two u, v, then 10*F =m'/n, where m’ is 
prime to n and less than 10*. Therefore 10*F =I +f, where J is an 
integer of not more than k digits and fis a pure recurring decimal with a 
period of ¢ figures. 


4) If F= are where p, q, 7,... are different primes other than 2 


and 5 and m is prime to p, q, 7, ... , then if t, t', t” ... are the numbers of 
figures in the periods of the decimal equivalents of F, 1/p%, 1/9, ete., 
respectively, t is the L.C.M. of t’, t”, t”, etc. 


* The primes less than 100 of which 10 is a primitive root are 7, 17, 19, 23, 29, 47, 59, 61, 97. 
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For let n=p%?..., then 10t=1(mod n), therefore 10¢=1(mod p9) 
and, since ¢ is the least index such that 10” =1(mod p), ¢ must be a 
multiple of ¢’; similarly, ¢ is a multiple of t”, t”, ete. 

Therefore ¢ is a common multiple of t’, t”, etc. 

Again, if r is any common multiple of t, ¢t’’,... we have 107=1 for 
each of the moduli p9, q®, ... , and since 7%, q°, ... are prime to one another, 
107=1(mod n)... 

It follows that ¢1s the least common multiple of ¢’, t”, etc. 

Given a table showing the periods of decimals equivalent to fractions 
1/n, where n is a prime or a power of a prime, we can easily express any 
fraction as a decimal by using the theorem of Ch. XXVI, 9. 


5. In practice, the following theorem is useful. 

Let m/n=0-a,a.a,... where n is prime to 10 and m prime ton. If, after 
r steps of division, the remainder n-m occurs, the subsequent figures of the 
decimal are 9-a,, D-Ag, 9-ay, ..., and the period contains 2r figures. 

For let m, m,, Ma, .... be the least positive residues of m, 10m, 10m, ... , 
then m,=n-m= —m(mod n). 
Hence the subsequent residues are congruent with -m,, -mM etec., 
and are equal to n—m,, n—mM ete. 

Moreover, a,,, is the greatest integer in 10(m~m)/n; 
hence Or, =I (10-a, +f)=9- i, 
where f is a positive proper fraction. Similarly a,,.=9-4d,, ete. 


Ex. 1. To express 1/73 as a decimal, the division need not be carried beyond 


the stage shown in the reckoning, for since the remainder 73 ).100 ( -0136 
72(=73 — 1) occurs, the subsequent remainders are 73 — 10, 970 
73 - 27, etc., the corresponding figures in the decimal being “KIO 


9-0, 9-1, ete. Thus 
1/73 =0 + 01369863. 


720 


Again, the number of figures in the period is 8 and g(73)=72. Hence for values 
of m less than 73, the fractions m/73 can be arranged in 72/8=9 groups such that 
the period is the same for those in the same group. By the preceding, the complete 
set of remainders for 1/73 is 


L I0 2i ok 72; 603; 40, 22 nieee (A) 


and one group is obtained by giving m these values. To get a second group, choose 
any number less than 73 not included in the set (A), say 2. Tho remainders for 2/73 
are congruent (mod 73) with 2x1, 2x10, 2 x27, etc., and are therefore 


2: 205, “Ody: 20, Th O85 | WOE 4,- cenana (B) 
A second group is obtained by giving m these values. <A third group can be found 


in the same way by choosing a number less than 73 and not included in the sets (A), 
(B)—and go on. 
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EXERCISE XLV 


Norte. The prime factors of f(t)=10'—1 for t=1, 2, 3,... 9 are given in 
the following table : 


f(1) =3°, f(2)=3? . 11, f(3)=3? . 37, 
f(4)-=32.11.101,  f(5)=3?. 41. 271, f(6)=3°.7. 11.13.37, 
f(T)=3? . 239.4649, (8) =32. 11.73.101.137, (9) =34. 37 . 333667. 


1. For the modulus 19, given the least positive residues of 2°, 21, 2, ete. 
(Art. 1), write down those of 10°, 101, 102, etc., and 7°, 71, 77, ete. What are 
the primitive roots of 19? 


2. For the modulus 17, find the least positive residues of 3°, 31, 32, etc. What 
are the primitive roots of 17 ? 


3. If p is an odd prime, g belongs to the index ¢t, and 1p, fris 72, etc., are the 
least positive residues of g°, g', g?, ctc., prove that 


(i) p—1 occurs as a residue if, and only if, t is even. 


(ii) roria --- r= — l or +1(mod p) according as t is even or odd. Verify 
when p=13, g=2, 3, 5. 

(iii) If g is a primitive root of p, show that theorem (ii) becomes Wilson’s 
theorem. 

[(i) If t is even, gt2= — 1 (mod p). 


(ii) 77,7 --- T1_1=9> (mod p), where s=0+1+2+...+(é-1).] 
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Here n is prime to 10, p is a prime not 2 or 5, t is the number of figures in the 
period of 1/n or I/P; To, Tis T2, etc., are the least positive residues of 10°, 101, 102, 


l 
etc. (mod n or p), and we write — or —~=0-a,4,4,.... 
Mt p? 


4. Prove that 0-d,a,...a,=a,a,...a,/(10'—1) where a,a,...a,; is the 
number of which the digits are a,, dz, .... 


l l 1 
[The decimal = a,a, ... a, a +ga + Tose t =) :] 


l z 
5. If „= Orda, 16 Gy... and "=" =0-byb; n. 6, ..., prove that 


a,+b,=a,+6,=... a,+6,=... ° 


6. If l/n=0-a,a,...a, and r is the remainder immediately preceding the 
remainder l in the division, then r and a, are the least positive integers x, y 
such that 10x —ny=1 
and Ailo ... Ap XT =A Al ... Atas 


where the a’s are digits of the numbers indicated. Having found r and a, all 
the figures in the period may be found as in Ex. 8. 

[1/n=O-a,a,...a,a,..., r/n=O0-a,a,...a4_,...; explain why no figure has 
to be carried when a, is multiplied by r.] 
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7. If pis a prime and 1/p=0-d,a,... a,ap}1 -+ Üzr prove that 
Ap yy ty =Ap sg + Ag... = Agr +4,-=9, 


and give an example to show that such relations do not hold if p is a composite 
number. 


8. Express ïz as a decimal by using the equality 10 x 4-13 x 3=1. 
(i) Put down 3 (the last figure of the period) and multiply by 4 as follows : 
i 076923 
4. 


4x3 =12, put 2 to the left of 3 and carry 1. 
4x2+1= 9, put 9 to the left of 2. 
4x9  =36, put 6 to the left of 9 and carry 3. 
4x6+3=27, put 7 to the left of 6 and carry 2. 
4x7+2=30, put 0 to the left of 7. 


If the process is continued, the figures recur and 35 =0-076923. 


(ii) Or thus—in Ex. 7, @,@,d, ... 41/7 =A,q ... Ay. 
Hence the following : Put down 3 and divide by 4 as below : 
4)3 
076923. 
4 into 3 is 0, which is the first figure of the period. 


4 into 30 is 7 and 2 over. Put 7 to the right of 0. 
4 into 27 is 6 and 3 over. Put 6 to the right of 7. 


4 into 36 is 9. Put 9 to the right of 6. 
4 into 9 is 2 and l over. Put 2 to the right of 9. 
4 into 12 is 3. Put 3 to the right of 2. 


4 into 3is0, and the figures recur. 


9. Cases in which 1/p can be quickly expressed as a decimal by the methods 
of Ex. 8 are p=17, 19, 23, 29, 43, 59, 79, 89. 


10. Justify the following : 


If A = 0588 
~ 17 ) 100 ( -0588 
B= 2352 —T50 
C= 9408 ab 
ere ere ever eserenneses hie gri 
then iy = 0588235294 ... 


where B=4A, C=4B, etc. 
[The division shows that 104=588 x 174.4; 


. 1 _ 588 4\"1 4 48 
‘ = oi i) = 000588 (1455+ Gt) ] 
‘11. By the method of Ex. 10 show that 
dx = 0-032258064516129. 


[After 6 steps of division, the remainder 2 occurs. ] 


2F B.C.A. 
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12. Show that for values of m<41 the fractions m/41 can be arranged in 
8 groups such that all the fractions in any group have the same period. What 
are the values of m for the group to which 2/41 belongs ? 


13. Prove that 2; =0-012345675, and show that the values of m for which 
m/81 has this period are given by m= l (mod 9). 


14. If n is any number prime to 10, prove that a number n’ can be found such 
that every digit in the product nn’ is 1. 
Find n’ when n=41 and when n=123. 


l l , ; . ' ; 
[Express - or g asa decimal, according as n is or is not prime to 3.] 
n n 


15. If n is a prime or a power of a prime, prove that the values of n for which 
the decimal equivalent of 1/n has a period of t figures are as follows : 
t] 1ļ2]) 8 REA 9 
n|3,9) 11 | 27, 37 | 101 | 41, 271 | 7, 13 | 239, 4649 | 73, 137 | 333667 


[The values of n for which I/n has a period of t figures are included among 
the divisors of 10'—1. See note at the head of this Exercise. | 


16. Show that the only prime p for which the decimal equivalent of 1/p has 
(i) a period of 10 figures is 9091, and (ii) a period of 12 figures is 9901. 

Also express 1/9091 and 1/9901 as decimals, explaining why only 5 and 6 
steps of division respectively are necessary. 


6. Primitive Roots (continued). The process of finding a primitive 
root is one of trial. The orthodox methods of shortening the reckoning 
are given in another volume; but in the example below we give a method, 
founded on the assumption of Art. 3, which is usually successful. For 
convenience in solving the congruences in Ex. XLVI, we here give the 
least primitive root, g, for any prime modulus, p, less than 100. 


g=2, p=3, 5, 11, 13, 19, 29, 37, 53, 59, 61, 67, 83; 
g=3, p=T, 17, 31, 43, 79, 89; 
g =9, p =28, 47, 73, 79; g =6, p=4l; g=1, p=it. 


Ex. 1. Find the primitive roots of 67. 

If 1/67 is converted into a deciinal fraction, the reckoning shows that 10 is a sub- 
ordinate root of modulus 67, with a period of 33 figures. Art. 3 suggests that this 
period consists of every alternate figure of the period of some primitive root, g; and, 
consequently, that g? = 10(mod 67) will lead to a primitive root. 

We find that a value of g is --12; and, converting 12/67 into a decimal fraction, 
we obtain, as remainders in the process, the residues of the odd powers of 12. When 
these are interpolated between the remainders in the reckoning for 1/67, we find that 
all the numbers less than 67 are included ; thus 12 is a primitive root, and its period is 


1, 12, 10, 53, 33, 61, 62, 7, 17, 3, 36, 30, 25, 32, 49, 15, 21, ete. 
From this, as in Art. 3, all the other primitive roots can be immediately written 


down, together with their periods ; thus we find that other primitive roots are 61, 7, 
32, 51, 41, 13, 2, etc., these being the residues of 12*, where k is prime to 66. 
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7. The Congruence x"=a(mod p). It is supposed that p is an 
odd prime. 

(1) If n is prime to p- 1, there is a single solution. 

For, if x”=a, then z”ì=a; and, since n is prime to p—1, there is, 
by Chap. XXV, 3, a single value of A, less than p—1, such that 


An=1(mod p-1). | 


If A has this value, c= .(x?-!)*=a”(mod p); and thus, x=a*(mod p), 
which is the only solution. 


Kx.1. Solve the congruence, x! = 21 (mod 23). 
Here x! = 214(mod 23); and 13.17=1(mod 22); hence we have 


r= 21 = (~ 2)" = ( — 2) . (256)? = ( — 2) . (3) = 5(mod 23). 

(2) If n is not prime to p—1, there are several solutions, or there is no 
solution. 

Let d be the highest common divisor of n and p-1; and-let g be a 
primitive root of p. Then, since the period of g contains all the numbers 
less than p, we can find r, such that g”=a(mod p). 

Let x=g'(mod p); then g™=a=g"(mod p), and therefore 


nsi=r (mød = 1). sdidinswerewe rtenseadingeeiian (A) 


The congruence (A), and therefore also the congruence x"=a, has d 
solutions, or no solution, according as r is, or is not, divisible by d; for 
d is a factor of n and p-—1 (Chap. XXVI, 8). Also, the solutions of 
x” =a(mod p) are given by x=g%(mod p), where s has any value which 
satisfies (A). 


Ex. 2. Solve the congruence, x= 31(mod 37). 
A primitive root of 37 is 2; and we find that 2°=31. Hence, if r=2%, then 
2168 = 29%, and 15s=9(mod 36); hence s=3, 15, 27(mod 36), and 
e= 28, 215, 227, ie. 8, 23, 6. 


EXERCISE XLVI 
Solve the congruences in Exx. 1-6: 
1. 23=1(mod 19). 2. x5=2(mod 17). 3. x7=8(mod 13). 
4, #=5(mod 31). 5. x*=31(mod 41). 6. 2?!=2(mod 31). 
7. Find the general solution in integers of x?=19y +5. 
8. Find three solutions in integers of z°=73y + 3. 


9. Show, without calculation, that a primitive root of 237 will satisfy one at 
least of the congruences, g = 10, g?=10, gt= 10. 


CHAPTER XXVIII 
NUMERICAL SOLUTION OF EQUATIONS 


1. The Problem under consideration is to find the actual or approxi- 
mate values of the real roots of any equation with numerical coefficients. 

This question is quite distinct from that of finding an algebraical solu- 
tion. In fact, no algebraical solution of the general equation of the fifth 
or higher degree has been discovered. 

If any rational or multiple roots exist they can be found and removed 
from the equation (Ch. XVIII, 1, and VI, 14). It may be convenient not 
to remove the multiple roots. 

Thus we are only concerned with irrational roots. The usual procedure 
is as follows : 

(i) We find an interval which contains all the roots. Ways of doing 
this have been given in Ch. VI, 12. A method due to Newton which 
involves more calculation, but which yields closer limits, is given in the 
next article. 

(ii) We separate the roots, that is to say we find intervals each of which 
contains a single root or a multiple root. 

(111) Taking any interval which contains a single root, by a process of 
approximation, we find smaller and smaller intervals which contain the 
root. 


2. Newton’s Method of finding an Upper Limit to the 
Roots. This depends on the following theorem : 

If h is a number such that f(x) and all its derivatives are positive when 
a=h, then his an upper limit to the roots of f(x) =0. 

For if n is the degree of f(z), then 


f(ath=f(h)+af'(h) +... rra 
Hence if f(h), f'(h),... f(h) are all positive, f(z +h)>0, for 220, 
that is to say f(x)>0 for zh, which proves the theorem. 


Nore. In applying this theorem, we suppose that the coefficient of the highest 
power of z in f(z) is positive, so that f(x) >0. 
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We then find the least integer h, such that f-1)(z)>0 when xz=h,. If this value 

of z does not make f("-*)(”)>0, we find by trial a greater integer h, such that 
fM-2)(h,)>0. 

Continuing thus, we can find the least integer h which makes f(x) and all its derivatives 
positive. 

It should be observed that ‘if we have found a number h, such that 

f(x), fO-(z), ... f(x) 

are all positive, then theso functions are all positive for z>h,. This follows from the 
above theorem, for the derivatives of f(x) are f(T+!)(x), ... f"-0 (2), f(z). 

Ex. 1. Find the integral part of the greatest root of l 

f(z) =x - 10x? -11x -100=0. (Cf. Ex. 1, p. 91.) 
Here f (x) =322 - 20r 11, f”(x)=2(3x -10), f” (x)=6. 
The least integral valucs of x for which f” (x), f (x) and f(x) are positive are 


respectively 4, 8 and 12. Thus 12 is the least integer which cxcceds the greatest 
root, the integral part of which is therefore 11. 


EXERCISE XLVII 
In Exx. 1-5 find an upper limit to the roots by Newton’s method. 
1. x? — 20x? — 3lx + 1609 =0. 2. x? ~ 2x? — 5lx — 110 =0. 
3. xi- 4x? — 3x +23 =0. 4. x5 44x4 — 2x3 + 10x? — 2x = 962. 
5. 25+ 6x4 — 10x23 — 112x? — 207x =110. 
3. 


Separation of the Roots. Rules for this purpose were given 
by Fourier and by Sturm. Fourier’s rule, though often convenient, is 
incomplete, while that of Sturm definitely separates the roots, but its 
application may be very laborious. We require the following theorems. 


Subsidiary Theorems. (1) If œ is a root of f(x)=0, as the variable x 
increases through the value «, the functions f(x) and f'(x) have opposite 
signs just before x=« and the same signs just after z=«a. 

For since f(«)=0, we have 


fath =h (a) + Ff" (a) +... bf (AE ass. anaes (A) 


‘adie 
r—1 
f' (ath) =f’(a) + Af” (a) +... E f(a) + ios Dae Pawel wanes (B) 
eee 


Suppose that f(a) is the first term of the sequence f’(«), f” (a), ... 
which is not zero. For sufficiently small values of h, the signs of f(a +h) 
and f'(a+h) are respectively the signs of the first terms in (A) and (B) 
which do not vanish ; they are therefore the same as the signs of hrf (æ) 
and h’-f'")(x), Hence f(a+h) and f’(a+h) have the same or opposite 
signs according as h 20, which proves the theorem. 
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2) If a ts an r-multiple root of f(x)=0, then, as the variable x increases 
through the value æ, the signs of the functions 


Lae Fe T Oye es. PO): zeroes (C) 


are alternately + and —, or — and +, just before x=«, and all the functions 
have the same sign just after c=c. 

For, when x=«, all the terms of the sequence (C) except the last vanish, 
and the result follows by applying theorem (1) to every two consecutive 
terms. It follows that as x increases through the value æ, r changes of 
sign are lost in the sequence (C). 

It is important to observe that since f')(«)=40 and f(x) is continuous 
at x=a, this function has the same sign just before and ‘<n after z=a. 


4. Sturm’s Functions. Let f(x) be a polynomial and f,(z) its 
first derivative. Let the operation of finding the u.c.¥. of f(x) and filz) 
be performed with this alteration : 

The sign of each remainder ts to be changed before it is used as a divisor : 
the sign of the last remainder is also to be gre 

“er the modified remainders by falx), f;(x),... f.(z); then f(x), 
F(z), falz), ... f, (x) are called Sturm’s functions a fala), fals), ... f(z) 
are KRONA as the auxiliary functions. 

In the ordinary H.C.F. process we can multiply (or divide) any remainder 
by any constant. In the modified process it is essential that such multipliers 
should be posite. 

Sturm’s functions are connected by the equations 


f(a)=nfilx) —fo(z), 
Fi (2) = Qefe(z) — f(z); (A) 


fr- (x) = Vr-atr—1 (x) sfe (x), 
where qi, qa... are the quotients in the process just described, these 
quotients being functions of z. 
It is important to notice that the relation between f(x) and f(z) is 
essentially different from that connecting f,(x) and falx); falz), f(x); etc. 


5. Sturm’s Theorem. If f(x) isa polynomial and a, b are any real 
numbers (a<b), the number of distinct roots of f(x)=0 which le between 
aand b (any multiple root which may exist being counted once only) is equal 
to the excess of the number of changes of sign in the sequence of Sturm’s 


functions 
TAD): Jig: To (Been FAD). a eee iterates (S) 


when x=a over the number of changes of sign in the sequence when x=b. 
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Proof for the case in which f(x)=0 has no repeated root. 

Equations (A) lead to the following conclusions. 

(i) Since f(x)=0 has no repeated root, f(x) and f,(z) have no common 
factor, and consequently f,(x) is independent of z. 

(ii) No two consecutive terms of the sequence (S) can vanish for the 
same value of z, for, if this happened, all the subsequent terms including 
f,(z) would vanish. 

(iii) If any term of (S) except the first is zero, the terms which precede 
and follow it have opposite signs. Thus if f,(z)=0, then 

Jaa (x) = Joa (x). 

A similar remark applies if one of the q’s is zero. Thus if qg,=0, then 
fo~ (x) = SSe (x). 

Suppose now that z increases continuously from zx=a to z=b. Asz 
varies, no one of Sturm’s functions can change its sign unless x passes 
through a value which makes that function vanish, for these functions are 
polynomials. 

Suppose that x passes through a value « which makes just one of Sturm’s 


functions vanish. 


(i) If « is a root of f(x)=0, one change of sign is lost in the sequence 
(S). For f(z) and f,(2) have opposite signs just before x=, and they 
have the same signs just after r=«. 


(ii) If œ is a root of f,,(z) where m=1, 2,... or r—1, no change of sign 
is gained or lost. For f,,(~)=0, and therefore f,,_,(«)= —fin41(&). 

If m=1, fo(«) stands for f(x). Moreover, fi,_.(z) and fim4,(z) are 
continuous at x=«a, so that each of these is of invariable sign near z=a. 


Hence, just before and also just after x=a, the signs of f,,_,(x), fi, (Z), 
fmay(“Z) are either ++- or +-- -— or -++ or ~ — +, showing that 
no change of sign is lost or gained. 


If x passes through a value « which makes more than one of Sturm’s 
functions vanish, no two of them can be consecutive functions. 


If f(x) is one of them, then by the preceding, one change of sign is lost 
between f(z) and f,(x), and no change is gained or lost in the sequence 
Fi (x), fa(£), ... f(z). Thus one change is lost in the sequence (S). 

If f(x) is not one of them, no change of sign is gained or lost. 


Thus, as x increases, a change of sign in the sequence (S) is lost whenever 
x passes through a root of f(r) =0, and under no other circumstance is a 
change gained or lost. This proves the theorem. 
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Remarks. In applying Sturm’s theorem, labour may be saved by the 
following considerations. 


(i) If there is no repeated root, the last function f,(z) is independent 
of x and its sign only is required. 


Let x have a value such that f,_,(x) =0, E f,(£)= —f,a(£). Thus, 
if the last three functions are a’z?4+b’r4+c', a’x+b", aœ”, 
b”2 yr 
then a” = -(a: a O° v2) 


and from this the sign of a” may often be found without much calculation. 


(11) If, at any stage, we arrive at a function f,(x) such that all the roots 
of f,(z)=0O are imaginary, the H.c.F. process need not be continued, and 
we can use f(x), f,(x),... f,(z), instead of the complete set of functions. 


For the essential property of the last function is that it should remain 
of invariable sign for all real values of z, and f,(z) has this property. 


(iii) Suppose that one of Sturm’s functions as f,,(z) vanishes when 
T=; a in counting the number of changes of sign in the sequence 
f(a), fila), ... f(a), we may regard F sign of f,,(a) as either + or —. For 
if fm (4) ws then fm-ı(a) and f,,.,(a@) have opposite signs. 


Ex. 1. Find the number and position, relative to numbers on the scale of integers, 
of the real roots of 
f(z) =24 — 323 —- 2224+ 7z +3 =0. 


Here f,(x)=423 - 9x? -4xz+7, and the modified H.c.¥F. process is as follows : 
filzy= 4- 9- 44 7) 4-12- 8+ 28+  l2=f(x) | 1 
tope Ar 
- 3- 4+ 214+ 12 


4 
-12 -16+ 84+ 48 -3 
43 -12+27+ 12- 21 
4 172- 387- 172+ 301 43- 72- 69 =f, (x) 

172 — 288- 276 83 

~ L 994 104 + 301 3569 — 5976 — 5727 43 

43 3569 — 8213 
. —99 — 4257 + 4472 + 12943 2237- 5727 
-4257 +7128 + 6831- 83 
32 ) 2656 — 6112- 185671 -— 475341 2237 

f,(x) = 83- 191 185671 + 427267 
fa(x)= + 48074 


Thus f,(x)=432- 722-69, f,(x)=832-191, f,(z)= +48074. 
The sign of f,(x) is found more easily by Remark (i). If f,(x)=0, then f,(z) = —f,(x). 
When 2=43}, f,(x) is negative. Therefore f,(x) is positive. 
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The number of changes of sign in the sequence of Sturm’s functions for various 
values of x are shown below. 


x|-e -2 -1 0 2 3 œ 

fie) + + - + + + + 

hE ae i: O a 

fal) | + + +4 - + + 

fsal- - - - = + 4 

faz) | + + + + + + + 

Number of \ 4 4 0 0 
changes of sign 


Hence the equation f(x)=0 has one root between -2 and -1, one between 
-l and 0 and two between 2 and 3. 


Khe. 2. Find the number and position of the real roots of 
(i) 2 -w-1=0; (ii) 26-22? +327 -4=0. 
(i) Taking f(z) =2' - x-1, we have f,(z)=524-1, and the modified H.c.F. process is 
5xt-1 5x5 -5x -5 | x. 
5 - x 
falx) =4x +5 
Also, when f,(x)=0, f;(z)= -fı(x), therefore 
f(x) = -{5(-§)- <0. 
For various values of x, the signs of Sturm’s functions are : 


r| -æ 0 1 2 © 


f(z) — - — + + 
fi(z) | + - + + + 
fa(x&) | - + + + + 
fs(z) | - = = = j 
Number of 
changes of a : : i : 


showing that there is one real root between l and 2, and that the other roots are 
imaginary. 
(ii) Here f(x)=2° -2x?+3xr-4, f(x) =62° -4x +3. 
625 —- 4443 628 — 1222 + 18x -24 | x. 
Gx? — 4274+ 32 


falx) = 8r? -15x +24 
The roots of f,(x)=0 are imaginary, for 157<4 . 8 . 24, and we need not proceed 
further. 


x | -œ -2 -1 1 2 ore 
f(x) | + + = = + + 
filz) | - - + + + + 
falz) | + + + + + + 


Thus there is one real root between -2 and —1, another between l and 2, the 
other roots being imaginary. 
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6. Sturm’s Theorem (Multiple Roots). It remains to consider 
the case in which the equation f(x)=0 has repeated roots. Suppose that 
fla) = (ea)? (x - B) (2 =y)" ... 
where p, q, r, ... are positive integers and a, f, y, ... are all different (real 

or imaginary), then 
fi(z)=u. {p(z —-B)(x-y)... +q(x-a) (x-y)... + r(x -—a) (~~ B)...+...}, 


where u= (x-a). (x - p(s- y)... 
Hence vu is the u.c.F. of f(z) and fi(x), and all of Sturm’s functions, 
A E E E E T oni: (S) 
are divisible by u. Denote the quotients by 
OD). Wl Wal tha Tei (8’) 
so that f(x) =(%-a)(w-B)(x-y)..., 


and %,(x) is independent of x. Also for any value of x, the number of 
changes of sign in the sequence (S) is the same as that in the sequence (S’). 
Dividing equations (A) of Art. 4 by u, we have the identities 


p(x) = q(x) —Po(x), yilt) = qalx) — (x), ete. 
Whence, as in Art. 5, it follows that no change of sign is gained or lost as x 
passes through a value which makes one of the set h(x), palz), ... p, (x) 
vanish. 

Again, ys, (x) = p(x — B)(a—y) ... = phy (x), 
therefore ys, (x) and ¢,(r) have the same sign when «=a, and since these 
functions are continuous, they have the same signs for values of x near 
z=a. Hence, by Art. 5, as x increases through any root a of d(x) a 
change of sign is lost in the sequence (S’). 

It follows that the number of real roots of ġ(x)=0 in the interval 
(a, b), where a<b is equal to the excess of the number of changes of sign 
in the sequence (S') when x=a over the number of changes of sign when 
x=b. That is, the number of distinct roots of f(x) in the interval (a, b) 
ig equal to the excess of the number of changes of sign in the sequence (S) 
when x=a over the number of changes of sign when z=b. 


Conditions for the Reality of all the Roots. Let f(z) be a polynomial 
of degree n with its leading coefficient positive. In general, the number of 
Sturm’s functions is n+1. 

The necessary and sufficient conditions that the roots of f(x)=0 may be 
all real and different are: (i) the number of Sturm’s functions must be n+1. 
and (11) the leading coefficients of all these functions must be positive. 

For, as x passes from -œ to +0, n changes of sign will be lost in the 
sequence of Sturm’s functions if and only if both of these conditions hold. 


THE BIQUADRATIC 


f(2) =24 + 6H2? +462 +K, 
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7. Application of Sturm’s Theorem. For the biquadratic, 


where K =a?°I —3H? (Ch. XII, 9; 10 (6)), Sturm’s functions are f(z) and 


fi(z)=23+3Hz +G, 
fo (z) = —3H2? --3G2 — K, 
f(z) = aan 3aJ)z — GI, 
fal =P- 2AJ=A. 
In proving this we require the identity (Ch. XII, 10, (6)) 


G24 4H3 <a2(HI —ad). aiiin 


Sturm’s process is 


z% + 3Hz+ G 24 + 6H22 +4Gz+ K 
3H? 244 3H224+ Gz 
— Hz 3H?23 + 9H°?z +38GH? | f,(z)= —-3Hz*-3G2-—K 
3223 + 3GH?z? +HKz 
G ~ 3GH2 + (12H? -aH I)\z + 3G 
— 3GH2? — 3G%z - KG 


a? ) — a° (2HI —-3aJ)z-a?Gl |x 
f3(2)= —-LIz-GI where L=2HI-3aJ. 
Again, if f,(z)=0, then f,(z)= —f,(z), therefore 
I? f(z) =3H (GT)? -3G (GDL + KI? 
= (a*I ~ 3H?) (3ad — 2HIF + 3I (3aJ — HI) 
=9atl J? — 128 AL? + a®H? (408 — 27 J?) 
+ 31(G? + 4H?) (8ad — HI) * 
= aH? (413 — 27 J?) — 3a? Hl 
= aH? (P — 27 J). 
Disregarding square factors, we may therefore take 


fa(z)=B- 2732. 


Hence tf A is positive and both H and 2HI — 3aJ are negative, all the roots 
are real. If A is positive and at least one of the two, H and 2HI -3aJ, is 


positive, all the roots are imaginary. 


For, as x passes from — oo to +0, in the first case four changes of sign 
are lost in the sequence of Sturm’s functions, and in the second case no 


change of sign is lost. 
If A is negative, two roots are real and two imaginary. 
All this has been proved more easily in Ch. XII. 


* The identity (A) is used in these steps. 
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8. Fourier’s Theorem. Let f(x) be a polynomial of the n-th degree 
and let f,(x), f,(x),... falx) be tts successive derivatives. Let R be the 
number of real roots of f(x)=0 which le between a and b, where a, b are 
any real numbers, of which a is less than b, and an r-multiple root is 
counted r times. Let N, N’ respectively denote the number of changes of sign 


in the sequence 
FQ). FAD). Jo 2) nee Tn Ot aiga (F) 


when x=a and when x=b, then 
N>N' and R<N-N'; 


also (N-—N’)-R is an even number or zero. 

In particular if N-N'=1, there is just one real root in the interval, and 
uf N-N’=0 no real root lies between a and b. 

In this connection f(x) and its derivatives are called Fourier’s functions. 


Proof. Let x increase continuously from z=a to z=b. As & varies, 
no change of sign can he gained or lost in the sequence (F) unless x passes 
through a value which makes one of its terms vanish. 


(1) Suppose that x passes through a root a of f(x) =0. 


(i) If œ is an unrepeated root, a change of sign is lost between f(x) and 
f,(z). This has been proved in Art. 3. 


(11) If x is an r-multiple root, r changes of sign are lost in the sequence 


F(x), f(z), ... f-(x). (See Art. 3.) 


(2) Suppose that x passes through a value a’ which makes one or more 
of the functions f(z), falx), ...f,() vanish. 


(i) If fm(x')=0, but neither f,,,(a’) nor fim4,(%’) is zero, there is no 
gain or loss of changes of sign when f,,_,(a’) and fm41(œ') have opposite 
signs: but if these have the same sign, two changes are lost. 

For f,,(z) and fm(£) have opposite signs just before z=a’, and 
they have the same sign just after z=’. 


(ii) Suppose that when z=«’ the r functions 


Jali): ines (x), ae Jee (x) 


all vanish, but neither f,,_,(v) nor fm+r(x) 18 zero, 

Then if r is odd there is a loss of r—1 or r+1 changes of sign according 
as fm («) and fm+r(&') have opposite signs or the same sign, while if r 
is even there is a loss of r changes of sign in either case. 


Thus, under this heading, no change of sign is ever gained, and if any 
are lost, their number is even. 
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Ex. ìi. Apply Fourier’s method to separate the roots of 
f(a) = 22° + Txt — 4023 — 23x? + 38a - 4 =0. 
Here fil) =2 (524 + 14273 — 60x? — 232 + 19), 
falx) =2 (202% + 42x? — 1202 - 23), 
f(x) =8(15z* +212 - 30), 
falx) =8 (30x +21), 
fs (£) = 240. 
By Newton’s method we find that all the roots lie in the interval (-7, 4). For 
various values of x the signs of Fourier’s functions are as below. 


z| -7 -6 -2 -1 90 1 3 


Pa 


fæl- + + =- = - - + 

fi(z)| + + - a a t + 

fe(x) | - = , E = - + + 

f(z) | + + = = = + + + 

filt)| - - - - + + + + 

fs(a) | + E E ie ae = 

Number of \ . i 3 3 i l 0 

changes of sign 


These results show that there is one root in each of the intervals (-7, -6), (-2, -1), 
(3, 4), and either two roots or none at all in the interval (0, 1). 

Subdividing the last interval, we find that when x=0-5, f(x) is positive. Hence 
there is a root in each of the intervals (0, 0-5) and (0:5, 1). 

It should be noticed that we need not find the signs of f, (x), f,(x), etc., when x =0°5, 
for it has been shown that either two roots, or none at all, lie between 0 and 1. 


Remarks. (1) In applying Fourier’s theorem, as stated above, the 
question arises as to what sign ts to be attached to one of Fourver’s functions 
which may happen to vanish when x=a or b. 

This difficulty is met by observing that, for sufficiently small values of h, 
the number of roots between a and b (a<6) is the same as the number of 
roots between a+h and b-h. We may therefore put a+h instead of a 
and 6—h instead of b, where h—-0. 


(2) Disadvantage of Fourier’s Method. Suppose that (as in the last 
example) all the roots of an equation are accounted for except two, which, 
if real, must lie in a certain interval (a, b). If these roots are nearly equal, 
it may require a large number of trials to separate them. If we fail to do 
this the possibilities are: 


(i) The roots may be very nearly equal, in which case they can be 
separated by further trials. 
(ii) The roots may be equal, and if we begin by testing for equal roots 
it would be better to use Sturm’s process. 
(iii) The roots may be imaginary, and no matter how many trials are 
made, we may not be able to discover whether this is or is not the case. 
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(3) If the roots of f(x) are diminished by a, the transformed equation is 
arn 


f(a) + xf, (a) +S hla vz Sn(a) =9, 
ie 


so that N is the number of ee of sign in this equation. Similarly N’ 
is the number of changes of sign in the equation obtained by diminishing the 
roots of f(x)=0 by b. If N and N’ are defined in this way, we obtain 
Budan’s statement of Fourier’s theorem. 


ee 


Imaginary Roots. As x increases from —o to +, n changes of sign 
are lost in the sequence of Fourier’s functions. If it 1s known that a 
certain interval contains no root of f(z) =0, and that, as x increases through 
the interval, s changes are lost, then the equation cannot have more 
than n—s real roots, and must therefore have at least s imaginary roots. 


EXERCISE XLVIII 


1. From Fourier’s theorem deduce (i) Descartes’ rule of signs ; (ii) Newton’s 
method of finding an upper limit to the roots. 
In Exx. 2-11, find intervals (a,b) where a, b are consecutive integers which 
contain the real roots of the following equations. 


In Exx. 2-4 use Fourter’s method; and in Exx. 5-11 use Sturm’s method. 


2. £- 3r? -4r +11=0. 3. 23 — 202? — 3lx + 1609 =0. 
4, 2x3 + ilr? -107+1=0. 5. x? +22? -5lr+110=0. 
6. 2x? — 15x? — 8x + 166 =0. T. xt — 4x? — 3x +23 =0. 

8. 324 -— 10x? - 6x + 16 =0. 9. xt- x? — 4r? + 4r +l=0. 


10. 2° — 3r? — 24r? + 95x? — 46x — 101 =0. 11. xë +3rt -+ 2273 — 3x? — 2x -2 =Q. 


12. Use Sturm’s theorem to show that the equation z?+3Hz+G=0 has 
three real and distinct roots if and only if G? + 4H? <0. 


13. If e<0-55, prove that the equation x‘+423+627?-4r%+e=0 has two 
real and two imaginary roots. [[=e+7, J= —4.] 


9. Newton’s Method of approximating to a Root. Suppose 
that the equation f(z)=0 has a single unrepeated root in a small 
interval (œ, $), so that f’(x)540 within the interval. Let a+h be the 
actual value of the root, A by the second mean value theorem, 


f(a +h) =f (a) + hf’ (a) +f” (a + Oh) =0, 
where 0<@<1. Hence 
"(a + Oh) 


h= 1) +e where e€=— zp (ath fa eer 


J (œ) 
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It follows, that if k is the greatest value of f” (x) in the interval, and 
ay =a - f(x) /f (x), 


the value of the root is æ} +e where 


ye” ABa E 
| e | <A Fe) <} (f —«) ay ee 
Thus, if -æ is a small number of the first order, the error in taking «, 
as the value of the root is of the second order of smallness, unless k/f (a) 
is large. By repeating the process, the approximation can be carried to any 
required degree of accuracy. 
Nore. In the preceding, f(z) may be any function of x such that f(z), f'(x) and 
f” (x) are continuous in the interval (a, 8). | 


Ex. 1. Find an approximate value of a, such that aY = 3. 

Put a=z*; then f(z)=z**-3=0; and f’(x) =z**(2 +2 log, z). 
Also f(x)= -2 when z=], and f(z)=+0°375 when x=1-5. 
Starting with œ= 1:5, the work proceeds as follows. 


f(a) =0°375, f (x) =9-487, f(a)/f’ (ax) =0-04, and a, =1-46; 

f(a) =0-0193, f’ (a1) =8°324, f(a,)/f’ (a,) =0-0023, and aw, =1-4577 ; 

f(x) =0-000255, f'(x) =8-262, f(as)/f’ (x2) =0-000031, and a, = 1-457669 ; 
hence, the value of a required is (1-457669)? =2-12480. 


This method is often employed in cases where the interval (a, $) is not 
very small, and then it is important to know under what circumstances «, 
‘is a closer approximation to the root than «. 


Fourier’s Rule. We shall assume that neither f'(x) nor f’’(x) 1s zero 
for any value of x in the interval (œ, 8), so that each of these functions re- 
tains the same sign for all values of x with which we are concerned. Now 

flath)=f(a) + Af’ (a + Oh) =0, 
where 0<6,<], so that 
h= —f(a)/f’ (a+ 0h). 

Hence if t= —f(«)/f’(«), it follows that t has the same sign as A. 

Now «a, is certainly a better approximation than « if «, lies between a 
and a+h, and since «,=a+t, this is the case if |t|<] A|, that is if 


Ff (a)>f' (x+ 0h). 

This condition is satisfied if f(x) and f’’(«) have the same sign. , For 
f'(x) increases with x or decreases as x increases according as f’’(x)=0, 
and h=0 according as f(x) and f'(x) have different signs or the same sign. 

Thus we have Fourier’s rule, which is as follows: If neither f'(x) nor 
f” (x) is zero near the point a, and f(a) and f” (x) have the same siyn, then 
a, ts a better approximation than a. 


458 VARIOUS CASES 


The various cases which can arise are illustrated in Fig. 66, (i)-(iv). It is 
to be noted that the tangent to the graph of f(x) at the point where x=« 
cuts the x-axis at the point œ. 

In the figures on the left, f(x) and f” (æ) have the same sign; in those 
on the right they have opposite signs and Fourier’s rule does not apply. 


Slo) +, fio) + A 
a+h 
a, Q 


fs ath Q 
f (a) + fta- 
flo)+, fío- ash 
a a Gath i 
a + ST (a) - 
Oy a ath oO 
i ath 
Sa) -. f(a) + 
fto- f(a) + 
a+h a 
, arth Qi 
fo) -. flo)- 
f (a) - Sf (a) + 


Fia. 66. 


We shall now show that œ is a better approximation than «, provided 
that the interval is sufficiently small. 

The true value of the root=a+h=a,+e, and therefore œ, is a better 
approximation than a if |e|<| A], that is if 


f” (a +h) (x + 6h) fila) | 
fe) f («+ Oh) |" 


If f’’(x)40 in the interval (a, 8), we can find a positive number l 
such that |1|<| f’(«+6h)|, and we draw the following conclusion : 


If neither f'(x) nor f” (x) is zero in the interval (a, B) and 
ap Alt) | 


4 <là] orif |hl<2 


then œ, is a better approximation than «. 
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2| f(a) | 
A 


This is certainly the case if | B—a|-< 


Moreover, in cases where Fourier’s rule does not apply, |h|<|¢|, and 
œ, is a closer approximation than œ if 


|t] een , thatis, if | f(a)|<2{f' (a)}* rs (C) 
In this case, by (A), 
1 k ; 1 {fe 
| e| <5 {2. Fel , thatis |e| <3 Fi (a) |Ë | eee ee (D) 


Ex. 2. Find the real root of z? =2x +5 to nine significant figures. 

Let f(x)=23 -2x-—5, then f’(x)=32?-2, f’ (x) =62. 

Since f(2)<0<f(3), the root lies between 2 and 3. Also f(2)=—-1, f’(2)=10, 
f/(2) =12. g 


Taking «=2 and applying Newton’s method, x= 2 -30 soi; 
Here f(2) and f”(2) have opposite signs, and Fourier’s rule does not apply. But 
h<0-1, and the least value of | f’’(x)| in the interval (2, 3) is 12. Hence 
2 1t 
and a, is a better approximation than a. 
Moreover, f” (x) increases with z, and therefore 
fla. Oh)< f(a +h) =f” (21)=126, 
l.f (x+0h) 1 E Or sie 
SO that | e|=5% “To S 5 (0 1) -o <0 007. 
Next, taking «=2-1,* we have f(2:1)=0-061, f’(2-1)=11-23, f”(2-1)=12-6. 


0-061 
==2-] ~-=- =2-094569 ... . 
Hence a, = 2] 11-93 2-094569 
Also the value of h is equal to that of « in the first approximation, so that 
| A |<0-007, 
1 gf CN., 
and consequently le [<3 (0-007) PED? 00003. 


Moreover, «e is negative, and so the root lies between 2-09457 and 2-09453. Hence 
the error in taking 2-09455 13 the root is numerically less than 0-00002. 


Again, taking « =2-09455, we find that 
f(«) = —0-000016557 ... and f’(«) =11-11607, 
giving ay =a —f(a)/f’ (x) =2-094551483 ... . 
9. 
11 


Moreover, e is negative, and so the value of the root to nine significant figures is 
2°09455148. 


Also |e <5 (0-00002)?- -=< 10-8, 24. 


* This approximation might have been obtained graphically. 
2G R.C.A. 


460 NEARLY EQUAL ROOTS 


Ex.3. A donkey is tethered to a point A in the circumference of a circular field of radius a 
by a rope of length |. Find the value of lin order that he may be able to graze over exactly 
half of the field. 


In Fig. 67 AB is the stretched rope, 4 AOB =x, COAB=x' measured in radians. 
Thus 2a’ +x=n, l=2a sin $. 


ted 


Area donkey can graze over 
=segment .1 BB’ + segment CBB’ 


=a? (x ~ $ sin 2x) +1? (x —4 sin 22’), 


Equating this to $a®z, it will be found that x 
is given by f(x)=x-tanz+n(} sec 2-1) =0. 


: : 
5 sec x — tan x 3 
~ / 


Hence, f’(x)=tan x( 
\ 


and f”(x)= ; sec x(1 +2 tan? x) -2 tan asec x. 


In a question of this kind it is important to start with a really good approximation, 
to be found graphically or otherwise. We draw the figure so that the shaded areas 
are nearly equal, and then by measurement 


4 AOB ==71° -=1-239 radians (nearly). 

Taking «=1-239, we find that, approximately, f(«)=0-018, f’(«) 5-578, 

and the next approximation is 
a, =a ~ f(x) f (a) = 1-239 -- 0-003 = 1-236. 

If x increases from 0 to 7/2, f” (x) increases from 7/2 to ©; therefore f” (æ) is 
positive. Hence f(x) and f” (x) have the same sign and, by Fourier’s rule, œ is a closer 
approximation than a. Further, we can show that f ’’(a)<34; therefore f” (r)<34 
if x<a. Hence, if «, +e is the true value of x, by Art. 9 (B), 

| e |< $ (0-003)? -44 <0-00004. 

Thus the following results are correct to the last figure : 

L AOB =1-236 radians =70° 50’, and = l/a=2 sin 35° 25’ = 1-16. 


Hence l= a/6, very nearly. 


10. Nearly equal Roots. Suppose that the equation f(z)=0 has 
two nearly equal roots within the small interval («, 8), and let a+h be 
the true value of one of them, then 


f(a+h)=a+bh+ch? +d +... =0, 
where a=f(a), b=f (œx), c=3f’ (a), ete. 


Neglecting squares of h, we have a+bh=0, giving Newton’s rule. But 
the roots are separated by a root of f’(xz)=0, so that f'(x) is zero for some 
value of z in the interval. Consequently f'(x) is small, and the term ch? 
cannot be neglected in comparison with bh, so that Newton’s rule does not 
apply. Neglecting cubes of h, we have a+bh+ch?=0. 
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This equation has nearly equal roots, and is therefore approximately the 
same as (a+bh)?=0. Hence we have 


2a b 
h= a ne (approx.). 


This result 1s used in Horner’s method (Art. 11, Ex. 3) to suggest a trial 
value of h. It is only applicable when 2a/b and b/2c are nearly equal. 

In the same way, if the equation has three nearly equal roots in the 
interval (a, 8), the value of one of them being «+h, neglecting A4, 
we have a+bh+ch?+dh3=0; which is nearly the same as (a+ 30h)? =0. 
3a b 


(i 
ha ae ae (nearly). 


Hence, 


11. Horner’s Method. The process described in this article, due to 
Horner, is the most convenient way of finding approximate values of the 
irrational roots of equations of the type f(x)=0 where f(z) is a poly- 
nomial. Any rational roots which may exist can also be found in the same 
way. One great merit of the method is the very concise and orderly way 
in which the reckoning can be arranged. The root is evolved as a decimal, 
the figures of which are obtained in succession. 

In what follows, we are only concerned with positive roots. To find the 
negative roots of f(x)=0, we find the positive roots of f(—-a)=0. 

Consider the equation f(x)=agz"+a,2"-!+... +a, 2 +a, =0, «00... (A) 
and suppose that this has a single root « in the interval (p,p+1), where 
p is a positive integer. (The case of two nearly equal roots will be con- 
sidered later.) Let o=p-qrs... where q,7r,s... are the figures in the 
decimal part of the root: then p can be found as in Ch. XXVIII, 2, 
or preferably figure by figure as in Ex. 2 below. 

Decrease the roots of (A) by p, and let the transformed equation be 


GP ADB a A Oar On NN (B) 


This has a single root between 0 and 1, namely O-qrs .... In finding the 
value of q, we avoid the use of decimals by multiplying the roots of (B) 
by 10, obtaining the equation 

h(x) =ar” + 10b,2"—-1 +... +10%-1D,7 +10", =O... eee (C) 


This has a single root between O and 10, namely gq-rs.... Moreover, 
q ws the greatest number such that if the roots of (C) are decreased by q, the 
sign of the last term of the transformed equation is the same as that of the last 
term of (C). This follows from the fact that 4(r)=0 has a root between 
q and g+1, and there is no root between O and q, so that (0), ġ(q) 
and ~—¢(q+1) have the same signs. 
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In practice the value of q is suggested and, after a certain stage, is definitely 
given by Newton’s method. 


For, regarding p as an approximate value of a, we have 


O-grs ... = -f (p) f (p) = —b,,/b,_, (approximately). 
Having found the correct value of q, we decrease the roots of (C) by q, 


multiply the roots of the resulting equation by 10, so obtaining an equation 
of which r's ... is a root. 


Continuing as above, we can find as many figures as we choose in the 
decimal representation of «. 


When a certain number of figures have been found, about as many more 
can be found by a contracted process explained in the next example. 


Ex. 1. Find to ten significant figures the real root of 
Tasper ae TE ETE (A) 


The work is arranged below in a form suitable for explanation. In practice it would 
be arranged as in Ex. 2. The explanation is given on the opposite page. 


ee ae ae a eee (a) 
4+16— 47 
8 +48 
$2 =0-9... 12 
l + 120 +4800 - 47000 (80.0... eects (b) 
128 +5824- 408 
136 +6912 
#5 =0-05 ... 144 
1 + 1440 +691200 - 408000 (0. (c) 
1 + 14400 +69120000 - 408000000 ( 5 .........-s ee (d) 
14405 +69192025 — 62039875 
14410 +69264075 
82 0-8... 14415 
144,15 + 6926407,5 - 62039875 (8... eee (e) 
6927560 — 6619395 
86 _ 9.9 .., 6928713 
1,44 +692871,3 - 6619395 (9... (f) 
692884 - 383439 
692897 
69289,7 — 383439 (5... eee. (g) 
6928,9 — 36990(5 
692,8 - 2345 ( 3 
69,2 ~ 267 (3 
6,9 - 59 (8 
- 4 


Hence the required root is 4-8058955338, with possibly an error in the last figure. 
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Nore. Denoting the root by «, the successive steps show that 
4<a<5, 48<a<49, 480<a<4-81, ete. 
Also that for the values 4, 4:8, 4-805... 48058955338 of z, 
f(x)= -47, -0-408, -0-062..., ... -0-000000004 ... . 


EXPLANATION OF THE SUCCESSIVE STEPS 
(a) Decreasing the roots by 4, the resulting equation is 
ere OM sks E Go pee” fad 0 E ee (B) 
If a=4+h, by Newton’s method 


f(4) 47 _ 
7a 8 


0-9... approx. 


(b) Multiplying the roots of (B) by 10, the resulting equation is 
p(x) =x? +120? + 48002 ~ 47000 =0. .eceeeeeeeeereeeereeee eee es (C) 


Taking 9 as a trial figure, we find that this is too large, for decreasing the roots of (C) 
by 9 changes the sign of the last term; this shows that 4(0) and œ (9) have opposite 
signs, and thus a root of ġ (x) lies between 0 and 9. 

Trying 8, we find that this is the correct figure, and decreasing the roots by 8, the 
resulting equation is 

L? + 1449? + 69127 — 408 =O. oo eee ccc ee eee e eee nes (D) 


Denoting the root of (C) by 8+, we have 

__ (8) _ 408 

© œ (8) 6912 

Hence we may expect that the next two figures of the root are 0 and 5, and this 
proves to be correct. 


=0:-05 approx. 


(c) Here the roots of (D) are multiplied by 10, and those of the resulting equation 
decreased by 0: if they were decreased by 1, the sign of the lust term would be changed, 
30 0 is the next figure of the root. 


(d) The roots of the equation obtained in (c) are multiplied by 10, and we find that 5 
is the next figure. 
(e) The equation found in (d) is 
x? + 144152? + 692640752 — 62039875 =0,  ....ccee cece eee eee eee (E) 


and the next figure of the root is 8. We have to multiply the roots of (E) by 10 and 
decrease those of the resulting equation by 8. 


In doing this the important figures will retain the same relative position tf, instead of 
introducing 0’s, we write down the last term of (E) as it stands, cut off one figure from the 
coefficient of x, two figures from that of x*, and neglect the coefficient of zè. 


In the case of an equation of higher degree, we should cut off three figures from the 
coefficient of x*, and so on. 


Nore. In the multiplication allowance should be med: `r the figures cut off. 


(f) This step is similar to (e). 


(g) Only tho last two terms remain, and the process is simply contracted division. 


464 TWO NEARLY EQUAL ROOTS 


Ex. 2. Find to nine significant figures the real root of x? — x? — x — 2000 =0. 
It is easily seen that the root lies between 10 and 20, and the first step is to decrease 
the roots by 10. In practice, the work is arranged thus : 


1 -1 "i — 2000 10 
9 89 -1110 2 
19 279 | — 428000 9 
Ad 3... 29 | 341 — 32621000 | 6 
31 40700 | — 4139264 | 8 
43931 -321124 | 6 
43] 4724300 — 34568 
4746956 
476964,8 
$3 —0-7 477267,8 
477571 
47759,4 
43 =08 4776,2 ) 34568 ( 7237 
1135 
180 
37 


The required root is 12-9686724, to nine significant figures. 


Nore. It will be seen that Newton’s approximation gives 1 more than the correct 
figure until we come to the 8. 


Ex. 3. Find approximate values of the two roots of 
324 — 6128 + 127x? + 220x — 520 = 0 
which lie between 2 and 3. 
The reckoning is as follows, and the explanation is on the opposite page. 
3-61 +127 +220 -520 (2 EEPE AEE E ET (a) 
-55 + 17 +254- 12 
-49 - 81 + 92 


-43 -167 
-37 
3-370 —16700 +92000 —120000 (2 uesssseerssesee (b) 
-364 -17428 457144 - 5712 
-358 -18144 +20856 
-352 — 18848 
— 346 
3 — 3460 — 1884800 + 20856000 — 57120000 ( OF a (c) 


— 3445 — 1902025 + 11345875 -— 390625 
— 3430 — 1919175 + 1750000 

— 3415 — 1936250 

— 3400 


-3,4 — 19362,5 + 175000 — 390625 (4 ussssssssssseersoeres (d) 
-19376 + 97496 - 64] 
-19390 + 19936 
— 19404 
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For the smaller root : For the greater root : 
- 194,04 + 1993,6 - 641 (0 ...... (e) -194,0 + 1993,6 - 641 (9......(¢’) 
-1,94 +199,3 -641 (3......(f) +247 +1582 
+193 -— 62 — 1499 
+187 -1,9 -149,9 +1582 (9 ....(f’) 
18,7 - 62(3...... (g) -167 + 79 
18 = 6(3....(h) ~ 184 
-18,4 79 (4 (h) 
5 
~1,8 5 (2 


Thus the roots are 2:2540333 ... and 2:2549942 ..., whero the last figure in each 
case is not to be relied upon. 


EXPLANATION OF THE SUCCESSIVE STEPS 


(a) Decreasing the roots by 2, the resulting equation is 
324 — 3723 - 167x? + 92x -12=0. 


By the question, this has two roots between 0 and 1. 


(b) Suspecting two nearly equal roots, we apply the rule of Art. 10, and the figure 2 
is suggested by 


9f ‘ 
ae 12) 0-2... and ie 


992 = 2( — 167) = ()-2 sare fe 


Decreasing the roots by 2, the sign of the last term of the resulting equation is —. 
If the roots are decreased. by 3, it will be found that again the sign of the last term 


is —. So far, then, we have no assurance that 2 is the proper figure. 
But when the roots are decreased by 2, the signs of the terms are + - - + -, 
and when they are decreased by 3, the signs are + - - - - , so that two changes 


of sign are lost. Hence, by Art. 8, the two roots lic between 2-2 and 2:5. 


(c) and (d). Similar remarks apply to these steps. The figure 5 in (c) is suggested by 


2(-5712) og ang _ 20856 o 
20856 © PDA S IRRA) 


Thus the roots lie between 2:254 and 2255. 


re 


(e) and (e’). Here the rule of Art. 10 fails, and the separation of the roots is a 
matter of trial. If at (e) we decrease the roots by 1 (instead of by 0), the signs 
of the terms are + — — + +, one change of sign being lost. The same is true if, 
as at (e’), we decrease the roots by 9. Thus one root lies between 2-2540 and 2:2541, 
and the other between 2:2549 and 2:255 ; and the roots are separated. 


Immediately after the roots have been separated, i.e. beginning at the stages (f), 
(f’), the proper figure is suggested by Newton's rule. 


466 APPROXIMATION TO ROOTS 


EXERCISE XLIX 


Find by Newton's method to five significant figures : 
1. The two positive roots of 23 -7xr+7=0. 
2. The positive root of 2x —- 3x7 -6=0. 


Find the roots indicated below correct to seven places of decimals by Horner’s 
method. 


3. The real root of 25+ 29z7 -97 =0. 

4, The cube root of 4129. 

5. The three real roots of 2? -32+1=0. 

6. The two roots of 223+ 11xz?-—102+1=0 in the interval (0, 1). 

7. The two roots of 2? — 20x? - 312+ 1609=0 in the interval (13, 15). 

8. The two roots of 2r? — 15x? - 8x +166=0 in the interval (5, 6). 

9. The greatest and least roots of 

3x4 — 6123 + 127x? + 220x — 520 =: 0. 
10. The two roots of 3x4 - 10z?--6r4+16=0 in the interval (1, 2). 
11. The two roots of 324 — 2x? -34<+40=0 in the interval (1, 2). 
12. The two roots of 724 - lla? -32x2+40=0 in the interval (1, 2). 
13. The two roots of x1 — 223 - 13z?-- 11”+133=0 in the interval (3, 4). 
14. The two roots of 324 — 423 - 1247+ 12x+9=0 in the interval (1, 2). 
15. The two roots of 2x4 — 16x? — 17x? + 392x --782=0 in the interval (4, 5). 
16. The two roots of x4 + 58x? -388x +571=0 in the interval (2, 3). 
17. The two roots of 2x4 — 2723 + 2527+ 1792 -275=:0 in the interval (2, 3). 
i8. The positive root of 224+ 5x3 + 42? + 3x = 8002. 
19. The greatest root of the following : 
(i) 25+ 4a! — 2x3 + 10x? — 2x = 962. 
(ii) 25+ Gat — 10x? — 112x? — 207x = 110. 
(iti) xë + 12x4 + 59x3 + 150x? + 201x = 207. 


20. If f(x)=e? -1 -2xr, show that the equation f(x)=0 has just one solution 
other than zero, the solution being x=1-260.... 
Show also that f(x)<0 if 0<2z< 1-260. 


21. If f(x)=e"-e-*—4x, show that the equation .f(x)=0 has just one 
positive solution given by +=2-177..., and that f(z)<0 if 0<2%<2-177. 


22. Find an approximate solution of 2x%-=10, showing that x=:2-50616 
(nearly), where the last figure is not to be relied on. Verify that for this value 
of x, x” --9-9995 (approx.). 

[Here x is given by f(x)=x7! -logs =0. By drawing the curves y=27! and 
y=log,t, it will be found that x=2-5 is a good approximation. Five appli- 
cations of Newton’s process give 2==2:50616. | 


CHAPTER XXIX 
IMPLICIT FUNCTIONS, CURVE TRACING 


1. Implicit Functions. If two variables x and y are connected by 
an equation represented by f(z, y)=0, we say that y is an implicit function 
of x. 

In particular, if f(x, y) is a polynomjal in z, y and f(z, y)=0, then y 
is called an algebraic function of z. 

Taking as a simple case the equation 

y* — 2ry +227 =1, 
this gives y=x+,/(1-—27), and so defines y as a two-valued function of zx. 

But if, as generally happens, we are unable to express y explicitly in 
terms of x, we are not justified in assuming without further enquiry that y 
is really a function of z in the sense hitherto understood. 

The general question involves difficult analysis, and cannot be con- 
sidered here. Some exercise in tracing curves from their equations will, 
however, convince the student that, at any rate in a large number of 
cases, the equation f(z, y)=0 does define y as a single- or multiple-valued 
function of zx. 

The general form of a curve represented by an algebraic equation can 


generally be found by pure algebra, and affords excellent practice in finding 
approximate values. 


2. A Rule for Approximations. The following process is of 
great practical use. 


Suppose that y=a+af(y) +a?h(y) +E pY) +e. eers (A) 


where x is small and f(y), d(y), ete., do not involve x. It is required to 
approximate to the value of y, in ascending powers of x. 


Let Sly th)= fly) + Afi(y) + sg a 
b(y +h) =b(y) thd, (y) tR ay) +... be cree (B) 


The first approximation is obtained by putting x=0, giving 


GO. Gartner ung E A essen sated, (C) 


468 INVERSION OF SERIES 
For the second approximation, let y=a+a where œ is O(z),* then 
y=a+af(ata)t+x2?o(at+a)t... 
=a+a{f(a)+afi(a)+...}+22{h(a)+..$4..., 
and neglecting small quantities of the second order, i.e. terms containing 


xa, x, etc., the second approximation is 


WDD E EE T (D) 
so that a=af(a). 


Next let y=a+a+fP where B is O(z*), then 
y=a+af(atat+B)+2*h(ata+B)+... 
=at+az{fiat+a)+Bfi(at+a)+Bf(ata)+...} 
+2?{d(a)+(x +p) pila) t.. yH, 
and neglecting small quantities of the third order, 
y=a+xf(a +a) 407 O(a), serere (E) 
which gives the third approximation, namely 
y=a+e{fla)+ef(a).f,(a)} +2*¢(a). 

Thus B=2( f(a) fila) + $(a)}. 

Similarly, if y is O(a), neglecting small quantities of the fourth order, 
we shall find that 

y=atarflatat+B)+ard(ata)+rb(a), aenn (F) 
which gives the fourth approximation. 

Hence the following Rule: Having found r successive approximations 
to the value of y, to find the equation giving the next approximation, in 
equation (A) substitute the result of 

the rth approximation in z f(y), 
the (r—1)th approximation in z°¢ (y), 
the (r — 2) th approximation in z?y (y), 


the first approximation in the term containing 2’, 


and neglect terms containing powers of x higher than zq". 


‘Ex. 1. Newton used the expansion of (1 ~x)-4 to prove that 


1 21.3 2 


sintr=r+5' g +5] g Teso o eererereerenreen (A) 
Putting x=sin y, he deduced that 
sin y=- i Y? + : ee RE ee EN (B) 


leper, 


* This means ‘of the same order as x.’ (Ch. IT, 7.) 
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To do this, write equation (A) in the form 
sin y =y — $ sin? y — By sin? y— poy sin? y — 0. eerren (C) 
If y is small, so is sin y, and the first approximation is 
BEYEYE sees: (D) 


Substituting y for sin y in the second term of (C) and neglecting higher terms, the 
second approximation is 
I T E E E E E (E) 


Following the rule, the third approximation is given by 
sin y=y -g (Y - 39°) - i0, 
and neglecting the powers of y higher than y*, 
sin y =y — fy? +h’. cccccccecseeceecceeceeteeseesveeees (F) 
The fourth approximation is given by 
sin y=y -Ẹ (Y -EY + rror) -doly — BY) -rzy 

Expanding and neglecting powers of y higher than y7, this gives 

sin y=y -3Y +120% - E0 a0Y 


and so on. 


Ex. 2. If p is small, find approximate values of y which satisfy the equation 
y? -y +pu=0. 
If wis small, so is y(y -1)(y +1), therefore y is nearly equal to 0 or +1. Write the 
equation 


(i) If y is small, the first approximation is y=p. 
For the second, substitute u? for y® in (A), giving y=p+pè. 
For the third, y=u+(u+p°}, giving y=p +p? +3p". 
For the fourth, y=p+(p +p? +3}, giving y=wtp?+3py°+12y’. 


Further approximations can be found in the same way. 


(ii) If y -1 is small, put Y=y-1, then equation (A) may be written 
Y= -4u -$ Y?-4F°. 


The first approximation is Y= -4p 
The second is Y= -4p -$(-4u)} = -$u -$p 
For the third, Y= -łp-$(-ẹp-3p)}-4(-4u}, 
giving Y= -u-u -4p 
that is, y=l -$u -ĝu -$p 


(iii) Similarly we can show that if y+1 is small, then approximately 
y= lL gut ge? -$p 


This result also follows from the preceding, for the sum of the roots of equation (A) 
is zero. 
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3. Cubic Equation with Three Real Roots. If all the roots of 
az’ + 3bx? +3cx+d=0 are real, the equation can be reduced to | 

yY? —y+u=0 where p2<4/2T oor ccccccccceee seen (A) 


by a transformation of the form z=p+gqy, where p, q are real numbers 
(Ch. XII, 5, Ex. 1). The last example suggests the possibility of expressing 
the roots of equation (A) as power series in p. 


Theorem. If p?<4/27, the roots of yX3-y+p=0 are 
F(p)-F(-p), 1-F(p), —-1+F(-p), 
where 


u\ 4.6 (p o ea 
oh: -fep +9 aoe 4 ( ~j (5) 
in 1)(048)(n-8).-(OR—B) (p) 
M =< 2 
Write the equation in the form = y—Yy=2z, oe ese ee scene ees (A) 
where z= —p/2 and 2?<1/27. 


Assuming that the values of y can be expressed as power series in x, by 
Taylor’s theorem, these values are given by 


Paent 


ya y” 
aana Tytale + + Tgldalot tee eeeees (B) 
where pa ! and (y) (Yi) (Yə) --- are the values of y, Yi, Yo, ... 
Yn = Ty Yoo Wile \Yelo Ys Yrs Y2 


when z=0. (Of course, x is to be made zero after differentiation.) 
The assumption will be justified if the series is convergent. 


Let y=u+v, then y4?-—3uvy=u? +v. This equation will be identical 


with (A) if w+u=27 and 3uv=l. 
Thus we may take u8=2+(22-h)?, vi=ax—(x2—k)?, where k= 1/27. 
Writing u,= sli , v Bo , and differentiating with regard to zx, 
da” "dat 
we have 3uu,=1 +r(x? — k)? =u (22 -k)4: 


therefore (x?-—k)?u,=u/3; and similarly (2?—k)tv, = — 0/3. 


Differentiating again, we have (z?—k)tu, + au, (22 —k)-? =u,/3, 


giving (2? — k) ug + cu, = (2? — kÈ . u,/3=u/9. 
Similarly, (x? — k) va + 20, = 0/9. 
Since y=u+v, it follows that (x?-—k)ya +y =y/9. nesnese (C)* 


* An alternative proof of this result is indicated in Ex. 6 of the next Exercise. 
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Differentiating n times by Leibniz’ theorem (Ch. XXIII, 11), 


(2? — kh) Ynya + (2m +1) ry yyy + (n?) Yn =O. eeens (D) 
Putting r=0 and k=1/27, we have for n=0, 1, 2,... 
(Yny = 9(8% +1)(BN — 1) (Yao. eere (B) 


The possible values of (y)) are 0, +1. 
(i) If (y)p=—1, since y,=2/(3y7-—1) we have (y,))=1. 


Hence from (E) in succession, 
6.4.2 


(Yop =3.1.(-1)(y)p=3, (Ys)o= J (Y1) =ô. 4, 
O18 12.10.8 
(Yao = 3 (Yop =9.7.5, (Yso=——g — (Ys)o= 12. 10.8.6; 
and if n>2, (Yn)o = (3n — 3) (Bn —5)...(n +3) (n+ 1). 


Thus y= —1+ F(x) where 


A E ae O BP wre 


for such values of x as make the series convergent. 
Denoting the series by uy+Ug+us+..., we have 


Unya 3(8n+1)(Sm—1) 2 oe as n-o 
Un (n+ 2)(n +1) 
Hence the series Žun, Zuon, and consequently also Lu,, are 


convergent if x?<1/27. 

(ii) If (y)g=1, then (y,)o>=1. Hence the numerical value of (y,)q 18 
the same as before, the sign being + or ~ according as n is odd or even. 
Therefore y=1—F(-2). 


(ili) Since the sum of the roots of (A) is zero, the root corresponding to 
(y) =0 is given by y=F(-«2x)-—F(z). 

Putting x= —/2, we have the results stated above. 

A more general theorem, which includes this, is given in Ex. L, 7. 


EXERCISE L 

1. Having given that 

x=tan x —-4 tan? x +4 tan'a —4 tan’? x+... 

prove that tan «=2+4034+42°+ p50 +.... 
2. If y=x+ay" where zx, y are both small, prove that approximately 
y =x +ax” + nax" + in(3n -1)asee—?, 
3. If y=x+ay?+by? and x, y are both small, then approximately 
y =x +ag? + (b + 2a?)x? + 5a(b +a?) 24, 
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4. If y=1+2a" and x is small, then approximately 
y=1+2a+2%a? log a + $2°a8 (log a)?. 
5. If s, t are positive integers (s> t) and A is small, the equation 


yo -y +(s-t)A=0 
has a root nearly equal to 
r2 A3 
1-A-(-—1+8+#)— -—-(-1+2s8s+1t)(-1l+s842t)-. 
ia a 
6. If y3—y=22, show that 
(i) 4(277? — 1) =(3y? — 1} —3(3y? - 1}; 


‘ 24y 12(y ~3ay,) | 
a es T By 
2 

where n=%, nS. Deduce that (z?—35)y.+x7y,=3yY. 


7 If y=u+v where u™=24+/(2?-k), v"=a2-/(22-k), m being a 
positive integer, then 


(i) x and y are connected by the equation 
m(m — 3) 
|2 
m(m —4)(m — 5) 


3 


2 


y=(y)o+2(Y;) pera 2 Uni EAE EEE (B) 


2 
yma pm 


1 
2x =y" — aw + 


(ii) If x is sufficiently small, 


where (y) is a value of y obtained by putting z=0 in (A), and (Y1)os (Y2)os 
dy dy 

dx’ dz?’ `” 

(iii) Using Ch. XXIII, 11, Ex. 1, show that 


l 
klona = (n=) Uno 
Hence prove that equation (B) holds if 2?<k. 
(iv) If m is odd, one value of (y), is 0, and then 


m= 2 x? l æ l l l 
y= = r- -za)+ [5° (2a) (F-m) h 


mk 2m 


are the corresponding values of 


_ (v) If m=5 and ke =4, equation (A) becomes 
yr —y>+sy= 22, 
1 ] 
and the values of (y), are 0, + | G +5) , 


Thus all the roots are real, and they can be expressed as power series in x if 
l 
wh 


(vi) If m=7 and kt = 4, the equation is y’ —y5 + 4y3 — Joy = 2x. 
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4. Tangents and Asymptotes. If P is a point on the curve and 
Q a point on it near P, the tangent at P is defined as the limiting position 
of the secant PQ as Q moves up to P. . Thusas Q moves to P, the distance 
of Q from the tangent at P becomes indefinitely small, so that near P the 
curve is indefinitely close to the tangent. 

If P moves to an infinite distance along a branch of the curve, and 
the tangent at P tends to a limiting position, this limiting position is called 
an asymptote to the curve. It may happen that an infinite branch has 
no asymptote. We then find the simplest equation which nearly 
represents the branch at œ, and say that this is the equation to a 
curvilinear asymptote. 

In the examples which follow, tangents and asymptotes are found by a 
process of approximation. 


5. Intersections of a Straight Line and Curve. If u=0 is the 
equation to a curve of the nth degree and y=px+yv that of any straight 
line, the abscissae of the points of intersection are given by an equation of 


the form 
martan Og Fata So 6h ioc imag (A) 


obtained by substituting pr+v for yin u=0. 


(1) If this equation has two equal roots, the line meets the curve in 
‘two coincident points’ and, except in special cases (see (i11)), touches the 
curve. If three roots are equal, the line meets the curve in three 
coincident points. Except in special cases (see (111)), the 


point of contact is a point of inflexion (Ch. XVII, 20). x 


At such a point, the curve crosses the tangent. TAA 


(ii) If aọp=0, one root of equation (A) is infinite,” -~ 
and the line meets the curve in one point at infinity. l 

If ap=0 and a,=0, the line meets the curve in 
two points at infinity and, except in special cases (see (iv)), is an asymptote. 


Fra. 68. 


(uit) Any point. (D) where a curve crosses itself is called a double point, 
or node. At such a point there are two tangents, each meeting the curve in 
three consecutive points. Any other straight line through 
D meets the curve in two consecutive points. (Fig. 69.) 


If the double point is at infinity, the tangents are 
parallel straight lines. So in this case the curve has 
two parallel asymptotes, each meeting the curve in 
three points at infinity. Any straight line parallel to 
the asymptotes meets the curve in two points at infinity. Fra. 69. 
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If the tangents at a double point coincide, the point is called a cusp. 
There are two kinds of cusp, as shown in Fig. 70. 


(i) 
Fira. 70. Fig. 71. 


In tracing a curve, it is important to be able to account for all the n 
points in which any straight line meets the curve, remembering that 
imaginary points occur in pairs. 

(iv) Fig. 71, (i), is a sketch of the curve whose equation is 

y* = (x —a)*(x— 9). 
The axis of x meets the curve in A (a, 0) and B(b, 0). The equation to any 
straight line AP through Ais y=m(x-a); and, on eliminating y, we have 
(x -a)?(x-b-—m?)=9; hence, AP meets the curve in two coincident pornts 
at A, and at a point P, given by x=b+ m°. Therefore, A is the only point 
on the curve to the left of the line y=b; and thus A may be regarded as 
a double point-at which the tangents are imaginary. 

A point on a curve, such as A, is called a conjugate point, if no other point 
in its immediate neighbourhood 1s on the curve. 

The conjugate point at 4,1n Fig. 71, (1), may be considered as the limiting 
form, when a=a', of the oval in Fig. 71, (11), which is a sketch of the 
curve whose equation is 


y° = (x ~-a) (a —a’) (x — b), 


6. Curve Tracing. To find the general shape of a curve represented 
by a given equation, proceed as follows. (i) Consider any symmetry which 
the curve may possess, e.g. symmetry with regard to either axis, or in 
opposite quadrants. (11) Mark any points on the curve which can be 
found easily, e.g. the points (if any) where it cuts the axes. (iii) Find the 
approximate form of the curve near some of these points. 

Near (0, 0) (if on the curve) z, y are small, but not necessarily of the same 
order. To find the form near any other point, move the origin to that point. 
The quickest way of finding the tangent at any point is to find the value 
dy 
dn’ 
of the tangent the curve lies, or discover any peculiarities which the point 
may possess. So, for a few points, it is better to use a process of approxi- 
mation, as in Ex. 1. 


of But, without further different: ition, we cannot say on which side 
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(iv) Find any regions in which there is no part of the curve. (Exx. 1, 2.) 


(v) Find the form of the curve near infinity, i.e. where one or both of 
x and y are large, but not necessarily of the same order. 

In doing this, we find the (linear) asymptotes (if there are any), and the 
approximate form of any ‘ parabolic ° branches. 

The reader should be able to draw the ‘ parabolas’ represent-d by 
y” =a", where m and n are positive integers. For example, 


3 


y JX 
Fra. 72. 


y% x3 y' 


(vi) By considering the value of dy , find the tangents (if any exist) which 


dx 


. . Saat, de 
are parallel to the axes. Notice that, at a point of inflexion, 970. 


(vii) It may be possible to find y explicitly in terms of z or z in terms of y ; 
or again, we may be able to express x and y as functions of some variable t. 
We can then find any number of points on the curve and the gradients at 
these points.* 


7. Examples on Curve Tracing. 
Ex.1. Trace the curve (ye Dyes (a Aa aaraa teeemeaces (A) 


The equation is unaltered by writing -a, -y for x, y. Hence there is symmotry in 
opposite quadrants. The points (0, 0), (0, +1), (+2, 0), (42, +1) are on the curve. 


Write the equation Ap E A Os. Secu N (A) 
Near (0, 0), x and y are small and of the same order. 
Ist approx., y == 42. 

This is the equation to the tangent at (0, 0). 
2nd approx., y = 42 + 6323, 


obtained by putting (4x)? for y? in (A), showing that the 
curve is above the tangent in the first quadrant and below 
it in the third quadrant. Thus (0, 0) is a point of inflexion. Fra. 73. 


* The examples given in Art. 7 and in Exercise LI have been chosen so that one of these methods 
can be used. Thus in each case the curve can be ‘ plotted ’ to any degree of accuracy required ; 
so that the student can verify the conclusions arrived at by the methods just described, and gain 
confidence in using them. However, when only the characteristic form of the curve Is 
required, the advantages of the above method over the method of plotting, even when the latter 
can be done, will be obvious. [See Ex. 22 of Exercise LI.] 


2H R.C.A. 
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Near (0,1), putting Y =y-1, equation (A) becomes 2Y +3Y?-+ Y3=(x?-4)z. 
Ist approx, 2Y=-4z or y=] -2z, 
which is the equation to the tangent at (0, 1). 


2nd approx., 2Y+3(-22z)*=-—42, giving 
y=1 -—22-62?, which shows that the curve is 
below the tangent. 


Near (2,0), putting X =x -2, we find that Fig. 74. 
y= -8r - 6r? (approx.), showing that the 
equation to the tangent is y= —8(x-2) and that the curve is below it. 


Again, dy/dx- (3x2? —4)/(3y?-1). Therefore, at each of the points (+2, +1), the 
gradient of the tangent is4. The tangent is parallel to Or where x= +2/V3 = 41-16; 
and the tangent is parallel to Oy, where y= 4:1//3 = 40-58. 


Near (æ, œ), x and y are both large and of the same order; and approximately 
y? —-x=0, giving y-x=0. 


y-4e -3z 1 


T Haay +y 32 x’ 


2nd approx. From (A), y-zx 


This shows that, as z~-> œ, the curve becomes indefinitely close to the line y -x=0, 
which is therefore an asymptote. 


; 1 i 
Again, on the curve eea (approx.), and on the asymptote y=z; showing 
that the curve is below the asymptote on the right and above it on the left. 


Thus the curve is as given in Fig. 75. 


Fra. 75. 


Putting y==tz in equation (A), it will be seen that any number of points on the curve 
can be found by giving any values to ¢ in the equations y=tz, z?=(4-1#)/(1-#@). 

If 1<t<4, the corresponding point is imaginary; thus no part of the curve lies 
in the space swept out by a line turning round O from the position y=x to the 
position y =4z. 
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Ex. 2. Trace the curve (x —1)(e- 2) yr 528. eee cecec ee ee cent ee ee eee et ee eens (A) 


The equation is unaltered by writing -y for y; henco the curve is symmetrical 
with regard to Ox. Also y is imaginary if 1<ax<.2; hence no part of the curve lies 
between the lines x=1, r=2. Write the equation in the form 


LY? — Say? +2 (y? — 17) HO. cc ccseecsc ee ee eee reese ee ereeees (A) 

Near (0,0), the curve is approximately given 
by y*—-x*=0 or y= +x. 

Taking y=2_as a first approximation, from (A) 


2(y — x) = (Bry? — xy?) [(y +x); 


giving as a second approximation 
yet Oe 32 
Y-I Oe 4"? 
showing that y—xz=0 is a tangent at (0, 0) and that the curve is above the tangent. 
Similarly y+2=0 is a tangent at (0, 0) which is a double point. 


Fie. 76. 


N l 1 2y? Bal 2 

Near (1,0), e e C 
972 9 92 

Taah ote ae oe, 2 


showing that x-1=0 and x -2:=0 are asymptotes, 
the curve approaching the first from the left and the 
second from the right. 


Again, writing equation (A) in the form 2?(y? — 2) =3zy? -2y’, it will be seen that 


: 3 
near (0, ./2), y- NBs ps and near (0, ~/2), y+ /2= -->—. 


‘We can now sketch the curve, as in Fig. 78. 


Nore. The asymptotes parallel to Ox can be found by equating to zero the coefficient of the 
highest power of y in (A): similarly for those parallel to Oy. Also, for all values of k 
except +1, the line y=k meets the curve in two finite points and in two points at o. 

The same is true for the line z=l, where [<1 or >2. 
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8. In the next example we consider the possibility of finding the approxi- 
mate form of a curve near the origin, or near infinity, by retaining only 
certain terms in its equation. 


Ex. 1. Trace the curve T? +y? — Bary =O (GO). recccececerereeereeesereenens (A) 
Omitting the first term, we have y? —3azry=0. 
Disregarding the factor y, we consider the equation y? — BAT =O. ....ese essen eeeees (B) 


If y is small, x is small and O(y?); so that z? is O(y®), and can 
therefceic be neglected in comparison with the other terms in (A). 
Hence (B) approximately represents the curve or part of the O 
curve near (0, 0). 


Similarly, by omitting the second term, we find that part of 
the curve near (0, 0) is represented by 2? - 3ay =0. 
Omitting the third term, we get 23+y3=0. 2 


f , ! Fig. 79. 
This represents the curve near (œ, œ); for if y is O(æ), then 


gaxy is O(x?), and can be neglected in comparison with the other terms of (A). 
Thus near ( œ, œ), as a first approximation y+2z=0. 


For a second approximation, y+.2%=3a:+—,—--—~, =3a 


A third approximation is obtained by substituting -v-a for y, thus 


xy ~ x(x +a) ( a? ) 
y +x =3a mm = 83a>- uiaiia i y = aAa Ll Ha, 
á x? — £y +y? pa x? +(e +a)+ (x +a) . 3z 
(the last step being obtained by long division). Hence tho third approximation is 
a3 
y+r= -a+ 372 ’ 


approaches it from above at both ends. 


showing that y+x= -a is an asymptote, and that the curve 


Fira. 80. 


The curve is symmetrical with regard to the line y=2, for its equation is unaltered 
if x and y are interchanged. Further, if y=tz, then x=3at/(1 +t), so that any 
number of points can be found by giving different values to t; eg. t=1, x=y=3a/2. 
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9. Newton’s Parallelogram. Consider the curve represented by 
u=0 where u is a polynomial in z, y. 

Let v be the expression obtained by retaining only certain terms of u. 
A rule which goes by the name of ‘ Newton’s Parallelogram’ enables us to 
choose these terms so that v=0 may represent the curve, or. part of it, 
near the origin or near infinity, when such 
parts exist. 

Let ax™y", bx?yt, cary’, ... be any terms 
of u. Represent these by points A, B, C,... 
whose coordinates referred to any axes are 
(m, n), (p,q), (7, 8), ..-- 

The figure so formed is ‘ Newton’ s Diagram.’ 

Suppose that ax”y", baPy% are small or 
large numbers of the same order; then y”—“ is O(x?-™), and therefore y 
is O(2(-™/("-9)), Join AB, cutting Ox in H, and let the angle zHA=6; 
then y is O(x7ct0) and ax™y™is O(am—neot?), Also, m—ncot@=OH ; 
therefore the terms represented by A, B are O(79#). 

Draw CK parallel to AB to meet Ox in K ; then, for similar reasons, 
the term cz"y° represented by C is O(#°*). Thus the term C is of an 
order lower or higher than the terms A, B according as C is on the same 
side of AB as O, or on the opposite side. Hence the following rule. 


Frc. 81. 


Rule. Mark on Newton’s diagram points A, B, C,... representing all 
the terms of the polynomial u. Choose any two of these, say A, B. 

Let v be the expression whose terms are those represented by A, B and 
any points which may happen to he on the line AB. 

If all the other points le on the side of AB remote from the origin O, 
then v=0 approximately represents the curve u=0 (or part of it) near 
O (if on the curve). 

If all the other points lie on the same side of AB as O, then v=0 repre- 
sents the curve u=0 (or part of it) near infinity. 


Note. If the straight line AB passes through 0, the rule fails ; for the corresponding 
terms cannot be of the same order. 

In the following examples the points representing the Ist, 2nd, 3rd, ... terms of 
the equation are marked 1, 2, 3, ... in the diagram. 

2 

Ex. 1. +48 -3ary=0. 

The terms 1, 3 and 2,3 give the form of the curve near 
the origin. 

The terms l, 2 give the form near infinity. (See Ex. l, 
Art. 8.) Fie. 82. 
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Ex. 2. (ax -— by)? =ax?y + yt. 
Write the equation in the form, 
a?x? — 2abry + b?y? — ax?y — yt =0. 

The form near the origin is given by terms 1, 2, 3, and near 
infinity by the terms I, 4 and 4, 5. 

Thus near (0,0), (ax - by)? =0. 

Near infinity, a’a*-ax*y=0 and az*yt+y*=0,_ giving 
y-a=0 and y°+az7=0. 


EXERCISE LI 


‘Trace the curves represented by the following equations and work out the 
accompanying details. (For hints for plotting, see Ex. 22.) 


1. y-y+x=0. (Fig. 84, (i).] 


Near (0, 0), y= +2, Near (0, 1), y=1— fa — 32%, 
Near (©,0), y= -g3 ~4y75, 
The tangent is perpendicular to Ox at the points -+ £3 ; i : 
2. y2=22(x4+1). [Fig. 84, (ii)]. Near (0,0), y= +(x+42); near œ, y?~23. 
3. 2+y%=a'x. (Fig. 84, (iii). Near (0,0), y®=a’a; near (%2, œ), 
a? 
y= eda . 
4. 2? +y? =3ax?. [Fig. 84, (iv)]. 
2 
Near (0,0), y®=3ax?; near (œ, œ), y= -E+a+—, 
5. (cx—a)y*=a'z. [Fig. 84, (v)}]. Near (0,0), y2+ax=0; 


a’? a? 
»O), T=AaA+ 5 > ’ oe >. A 
near (a, 0), xr=a Hye near (©, +a), y=t (a + x) 


6. y}(x -a)=x?(x+a). ([Fig. 84, (vi)]. O is on the curve, but the curve 
passes through no real point near O: consequently O is a ‘conjugate point.’ 


2 
Near (0, œ), y=4(zta+s). If dY o, x= 30(/5+1)=1-6 approx. 
2 


T. x(y—x)?*=a*y. [Fig. 84, (vii)]. Near (0, 0), z3=a2y. Near (0, œ), a= e 


2 
Near (0,0), y=x-+a, closer approximations being y=x+a +5 
x 
Tangents are parallel to Ox where y=3z. 
8. x(y—xz)*=ay*. [Fig. 84, (viii)}. Near (0,0), 23 —ay?=0. 
2 
Near (a, œ), x=a ae ; Near (0,00), lst approx., y=7%4+ Naz. 
re ba 3 
2nd approx., y=x+Nax-+a. (A). 3rd approx., y=2- vaatata] e : 


This shows that the curve becomes indefinitely close to that represented by (A), 
i.e. to the parabola (y-2-a)?=az. This is therefore a parabolic asymptote. 


v 


‘$8 DIA 
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9, xt 3ay?+2y2=0. [Fig. 85, (i).] 
Near (0,0), 2°-3y?=0 and y=3z - $z. 


4 

Near (0, œ), lst approx., z4-+2y3=0, ie. y= -5T EEE (A) 
xt x 

2nd approx., y=- a ar (B) 

Equation (A) is represented by — : — -— in the diagram ; it gives the general 


trend of the curve, but (B) shows that it is not a parabolic asymptote. 
If y=tx, then x=tť(3-2t) Mark points on the curve corresponding to 
t= l, 2, 2 $, ads 


10. ax(y—x)?=y*. [Fig. 85, (ii).] Near (0,0), y-x=0 and az=y’. 


“oO 
ted 


With y=2z as lst approx., the 2nd is y=u+— . Near (2,0), ax? -yt=0. 
a2 
ae x 
11. xt- a?xy -by?=0. [Fig 85, (iii).] Near (0,0), y= -pt a and 
zs—a?y=0. Near (2,0), by solving for y and expanding in descending 
powers of x, show that approximately 


x? ax a 
Y=+--=a3 F 


b  2b2 * 8b3" 
The equations y= +y are represented by — : -— - — in the diagram. 
12. (3% — 2y)? — Baty —y4==0. [Fig. 85, (iv).] 0... eee ee tion useaa (A) 


The points (0,0) (0, +2) are on the curve. Near (0,0), 32-—2y=0. 


2nd approx., 2 = aD, x2, showing that the point O is a cusp, the tangent 
being 3x -2y =0, which meets the curve at one other point, viz. (- $, — $). 


° 
Near (0,3), y=3- = The asymptote y=3 cuts the curve again at ( — Žž, 3). 
Near (©, œ), 3xz?+43==0 (represented by — -— -— EE (B) 


2nd approx., y= ~ 33 x3 — 1, showing that the curve (A) is below (B) and 
that (y+1)§+3z?=0 is a parabolic asymptote. 

If 327+ y3:-0, then (3x —-2y)?=0, showing that the curves (A), (B) touch at 
the point (- 48, — 4). 

By solving for x, show that y<-1 or else O<y<4. Also show that the 
lines y= —1 and y=4 touch the curve. 


Fig. 85, (v). (vi), (vii), (viii), are curves whose equations are given in Exx. 13- 
16: These are of the form xy? - 2ky= px? +qx?+rx+s.* (See Exx. 17, 18.) 


13. xy? — 12y =x? — 152? + 632 — 85. 14, xy? — 16y =x — 1427 + 60x — 104. 
15. xy? -— 24y =x? — 102? ~ 5x + 150. 16. xy? — 8y =r? — 8r? — 3x — 8. 


17. Show that every curve whose equation is xy? -2ky=pz?+q2°+rz+8 
has three asymptotes, or only one, according as p is positive or negative. 


* Curves having an equation of this form belong to the first. of four classes into which Newton 
divided cubic curves (Enumeratio Linearum tertii ordinis, 1706). 


Enlargement 
near origin 


a (y Wii) 


Fia. 85. 
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18. (i) Show that, if xy? - 2ky=px?+qa*+rx+s, where p Æ 0, then, for values 
of x other than zero, y is given by an equation of the form 


(zy - k)? =p (x - a) (x - b) (x - c) (< - d). 


(ii) In Exx. 13-16 employ the methods of the previous examples to find first 
and second approximations to the curve at infinity ; and, by the help of the points, 
A, B, C, D, which correspond to x =a, b, c, d, and of the points where the curves 
cut the asymptotes, trace the curves. 


Note. Diagrams (v) and (vi) show that a cusp is of a higher order of singularity 
than a node; while (vii) and (viii) show the ‘change of partners’ that generally 
occurs when two of the points, A, B, C, D, approach one another, coincide, and then 
separate again, owing to a change in the coefficients, p, q, 7, s. 


Points of Inflexion 
19. Show that the points of inflexion of the cubic curve 
y(x? + 2b’x +0’) =ar + Bbx2 4+ Bea td ocer (A) 
lie on the straight line whose equation is 
$y (a’c’ — b”) -=(ac’ — 2bb’ + ca’) x + (be — 2cb’ + da’). 
[From (i), by differentiation, | 
dy 


3 gp C + 2b'x +e) + By (a'x +b’) ax? + 2a +e Aa tid eae ae (B) 
dq? 
Differentiating again, and putting =4=0, we have 
d 
2Y la's +b’) +2ya’ =ar +b. EEEE EE E (C) 


dx 
The coordinates of a point of inflexion satisfy equations (A), (B), and (C). 
Multiplying equations (A), (B), (C) respectively by 
a’, -2a'x+b’), a’x?+2b’r+¢c’, 
the result is obtained by addition. 


20. Show that the curve (p. 475), whose equation is (y?-—1)y=(x?—4)a, has 
three points of inflexion which very nearly lie on the line x= 64y. 

[If p=dy/dx, show that, at a point of inflexion, x? =(4p* — p‘)/(p*-—1), and 
y? =(4p"-1)/(p§-1); so that pt+8p?-2p-4=0.] 


21. Prove that the points of inflexion on the curve y?=2?(z?+2ax+5) are 
determined by the equation 223+ Gaz? +3 (a? +b)x + 2ab=0. 
dy dy 


2 
[At a point of inflexion y PP 223 + 3ax? +b, and Z =6x? + ax +b.] 


22. Plot some of the curves in Examples 1-12, as followg: 

For Ex. 1, plot z= -y°, and x=y, and add corresponding abscissae. 
For Exx. 2, 5, 6, 7, 8, 11, express y in terms of x. 

For Exx. 3, 4, 9, 10, use y=tv, or x=ty. 

For Ex. 12, express x in terms of y. 


CHAPTER XXX 
INFINITE PRODUCTS 


1. If a, a,... an... 18 a sequence of numbers, real or complex, the 


product a,a,...@, will be denoted by P,, or by [T;2;a,. Thus we write 
P= (Tyr a, = Ody ... By. 

Definition. If P, tends to a finite limit P, different from zero, as 
n—> œ , except when a factor of P,, is zero, we say that the infinite product 
A, Ail, ... 18 convergent and that its value is P, or that it converges to P, and 
we write 

P =a aga; ... to © = ner an, or simply = Hap. 

If P,>œ or -œ, orif P ,—>0 when no factor of P, is zero, the 
infinite product is said to diverge or to be divergent. 

If P,, oscillates, the infinite product is said to oscillate. 

The reader may ask why we say that the product diverges (to zero) 
when P,->0. The reason is as follows. According to the definition, if 
Qis ao... are real and positive, the infinite product Ha, and the infinite 
series & log a, both converge, both diverge or both oscillate. 

For log P,,=loga,+loga,+...+loga,, and P, tends to a finite limit, 
to oo, to zero or oscillates according as log P, tends to a finite limit, to 
œ , to —o or oscillates. 


If P,—> a finite limit, then Pp- > the same limit, and if this limit is 
not zero a,=P,/P,_,>1. Thus if Ma, is convergent, then a,—1. 

It is generally convenient to write an infinite product in the form 

P=(1+4u,)(1+4u,)... (1+4,) ... 

A necessary (but not sufficient) condition for convergence is that u,—>0, 
and so, after a certain stage, | u,|<1. 

The character of P, as regards convergence, will not be affected by remov- 
ing any number of factors from the beginning of the product. Conse- 
quently there will be no loss of generality in supposing that | u,|<1 for 
every n. 

The simplest and at the same time the most important case is when all 
the ws have the same sign. 
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2. Theorem. If uy, Ue, Us, ... are positive and less than unity, each 
of the infinite products 
(1l +4u,)(1 + Up) (1 + Us) ore g (1 —u,)(1 — Uy) (1 aat Us) eve 9 
is convergent or divergent according as the series Lu, is convergent or divergent. 


Proof. The series Xu, is convergent or divergent. 
Suppose that Zu, is convergent and that its sum is s; then m can be 


found so that 
Um tUm tUm t... to œ <1. 


Also the omission of the first m—1 factors of a product does not affect 
its convergency. 

Hence there is no loss of generality in assuming that s<1 and conse- 
quently s,<s<l for every n. 

By Ch. XIV, 1, we have 


l 
Pa =(1 +w) (1l +Ug)... (+ Un) < I-s, < I? 
Q,,=(1-u,)(1 — ua)... (1 -u,)> l-s, > 1-s. 
Also P,, increases and Q, decreases as n increases. Therefore P, and 
Q,, tend to positive limits as n—>oo, and both of the products (1 +u,) 
and J7(1—u,) are convergent. 


Next suppose that Lu, is divergent. By Ch. XIV, 1, 
P,=(1+u,)( +u,)...(L+u,) > 1l+s,-0, 


] 
Q,=(1—u,)(1 — ua) ... (1 = un) < E 


Moreover, Q,>0. Therefore P,>œ and Q,->0, so that J7(1+4,) 
diverges to œ and JI(1l-—u,„) diverges to zero. 


3. General Condition for Convergence. Let (a,) be a sequence 
of numbers, real or complex, none of which is zero. The necessary and 
sufficient condition for the convergence of the infinite product 

P =d lü; ... 
is as follows: Corresponding to any positive number e, however small, an 
integer m must exist such that for all values of p 


t 


<e for p=1, 2, 3, ao ccesesscccesceee: (A) 


that is to say, | ae -1 


| tm i 
Proof. First suppose that P is convergent. Then P, tends to a limit 
which is not zero, and consequently a positive number k exists such that 
| Pa|>k for every n. 
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Also, by Ch. XV, 6, we can find m such that 
(Puin Pa ke dor p128 e 
ke ke 
BaS 


Pmp] 


Pin 
so that condition (A) holds. 
Conversely, if condition (A) holds, then 


Therefore 


< 


ser is and laes “8 <1 +e. Pe ee: (B) 


m m 
Taking e<l, we have | Pm+p|>(1-—e€).| Pml, so that | P,|>some 
fixed positive number when n>m. Consequently P, cannot tend to zero. 
Also by (B), Pmp and Pm have the same sign, and therefore 


| Pmt- Pm | =| Pmsp- | Pm | <E. | Pm - 
Hence | Py4)—Pm|<e’, where e' is positive and as small as we choose. 


Hence P,-> a limit different from zero and the product P is convergent. 


(See Ch. XV, 6.) 


4. Absolute Convergence. If ùj, us, us,... are real or complex 
numbers whose absolute values, or moduli, are denoted by wu,’, ue’, us, ..- 5 
the infinite product 

P=(1+u,)(1+u,)(1+ us) ... 
is said to be absolutely convergent when the product 
P’ =(1+4u,')(1+4u,/)(1+4,’) ... 
is convergent. 

Hence the product JI(1+u,) is absolutely convergent if, and only if, 

the series Xu, is absolutely convergent. 


Theorem. An absolutely convergent infinite product (P) is convergent. 
Let P and P’ be defined as above and suppose that P’ is convergent. 
Then, by Art. 3, we can find m so that 
| (1 +um4+1) (1 +Umt2)-.(1+Umtp)-1|<e for p=1,2,3,.... 
Now | (1+ tm4i)(1+Umse) (1 + Umt) -1 | 
<| (1 +um+1) (1 +um+2) -.. (1 +Um+p) -1 |- 
This follows on expanding each side and remembering that for any 


numbers a, b, ¢, ... 
jat+b+e+...[/<]a]+|]+lelt+.... 
Therefore 


| (14+ tUmya)(L+Umse) (1 +Umsp) -l|<e for p=1, 2,3,.... 
Hence, by Art. 3, P is convergent. 
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5. Derangement of Factors. We shall prove that if the factors 
of an absolutely convergent infinite product (P) are rearranged in any way; 
the product remains absolutely convergent and its value is unaltered. 

Consider the infinite products 

P=(1+u,)(l+u,).... Q=(14+,)(1+,) ..., 
where P is absolutely convergent and Q is formed by rearranging the factors 
of P, so that every v is a u and every u is a v. 

Since P is absolutely convergent, so is the series Su„. This series remains 
absolutely convergent when its terms are rearranged. Therefore Žv, 18 
absolutely convergent, and consequently the product Q is absolutely 
convergent. 

It remains to be shown that P=Q. Let a,=l+u,, b,=1+1,. 

For any suffix m, it is possible to find n so that all the factors of 


Pm= aag ... A, are included among the factors of @,=b,b, ... On, 
and therefore Ql Pm = apt «++ Bs 


where p,q,...s are all >m. Also, as m tends to œ , so does n, and since 
P is convergent, it follows from Art. 3 that 


|a,a,...a,—1|—+0, and therefore Q,/P,—>1. 


Thus Pm and Q, tend to the same limit, that is to say, P=Q. 


6. Expansion of an Infinite Product as a Series. Consider 


the infinite product 
P=(1+2u,)(1+2u,)(1+2us5) ..., 


where Uj, Us, Us, ... and v are any numbers, real or complex. 
Let p, be the sum of the products of t, ue, ... U, taken r together, so 


that 
P,=(1+2u,)(14+ au.) ... (1 +au,)=14 pyr t pon? +... + pyr”. 


We shall prove that if the series Lu, ts absolutely convergent, then 
(i) As n>, p,> a finite limit l, for r=1, 2, ... n. 
(11) For all values of x, 
P=(1+au,)(1+2u,)(1+2u,) ... to œ =1+la¢+1,27+... to a. 
Let u,’=|u,|, x'=| x|, and 
Pa =(1+a'uy')(1+a'ug’) ... (LHe Up) =l Ap T pr T.. Hp”, 


so that p,’ is the sum of the products of u,’, ug, ... Un’, taken r together. 
Each of these products multiplied by |7 occurs in the expansion of 


(ty +ug +...+U, )’; 
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therefore p,’.|r occurs in the expansion, and it follows that 


Pr (Uy! + Ug! +... + Uy’) / |r. 
Since Lu, is absolutely convergent, Lu, converges to a sum s’, and 
therefore pr <s" || r. 


Also p,’ increases with n, therefore, as n—>o , p, — a limit I,’ such that 
0<l <s”) | r. 

If ro, then s) | r—>0, and consequently 1,’->0, so that l,’ is finite, 
however great r may be. 

Thus as n->o, p, becomes an infinite series, which is convergent ; 
and p, becomes an absolutely convergent series. Hence p,— a finite 
limit l, and we may write l,=(l+e,)p, where e,—>0. 

Let Q, =1 +4 +l? +... +l”, then 


| Qn- Pa| =| EPT + Epo? +... + en PX” | 
S| em |. (P12 + po T? +... + Py e”) 
<| Em | MP = 1), 
where em 18 the greatest of | €, |, | €2|, ete. 
Therefore Q,,—P,—>0, and since P,—>P, it follows that, for all values 


of q, P=1+lgæ +l? +... too. 


Ex. l. Find the coefficient of z2" in the expansion of 


(1 + 24) (1 +zz?)(1 +273)... (1 +22"). 
Assume that 


(1 +2x)(1+2x")... (1 +22”) = 1 + pyz + poz? +... + Pp” 
In this identity put zx for z, therefore 
(1 +20) (1 +223)... (1 +2a+t) = 1 + pizt + poz? r? +... + pp T" ; 
therefore (1 + zant) (1 + yz +p? +... + 9,2") 
= (1 +2x)(1+ pizt +p? 2? +... + p,2"2"). 
Equating the coefficients of 2’, 
Py t+ Ppt" =p," + Dy" 5 


] —2"-"t1 
Si ype ee ae ey 
P, l-r” Pr-1 
Putting r-1, r-—2,...2, 1 in succession for r, 
] —27"-T+2 


= atl 
Pr- = 1-2-1 T  Pr-z 


Whence by multiplication 
V2) (Pee?) a E ae te) 


e Ne a oe ne) 
he (1 —)(1 -2?)(1 —23)... (1-27) ee 
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Ex. 2. If |2|<1, show that for all values of z, 
(1 +2a)(1 +zx?)(1 +223)... to œ =L+hz4h2+...4)2%4+..., 


l 


r(r+1) 
> (oma -a) ay EARE 


where 


The series z+z?+r?... is absolutely convergent, therefore the infinite product is 
convergent, and denoting its value by P, by the theorem just proved, 
Pa=l+hzthe+..t+hert.., 


where J,=lim p, and p, is the same as in Ex. 1. Also z”, 2®-1,...a"-T+! all 
N—? D 
tend to zero as n->, therefore J. has the value stated above. 


7. Another Method. When the factors are real and positive, the 
theory of infinite products can be made to depend on that of infinite 
series by the use of logarithms. Let P,=(1+u,)(1+4,)...(1+4,), 
where uj, U,,... are real and —l<u,<1 for every r. As explained in 
Art. 1, the last assumption involves no loss of generality. Then 


log P, =log (1+u,)+log (1+4u,)+...+log (1+4,). 


Hence the infinite product P and the infinite series 2’ log (1 +u,) both 
converge, both diverge or both oscillate. By Ch. XIX, 7, (4), 


) 


1 x : 
if z>-1 and 0, then 5 Seo log (l+z2)< 57° 


where lis the smaller and } the greater of the numbers 1 and 1+z2. 


Let d +Upmao +- HUn =T mn 


2 Bi 
FUE gto kUn = Sm 


Unti 
log (1+ u,,4,) +log (l + umo) +... tlog (1+ Un) = tm, n 
Putting Umi Um+9 --. Un for xin (A), by addition we find that 


ls ls 
m,n A 
5 ir <mn imn <5 F 


2 H 2 L 


where L is the least and H the greatest of the numbers 1, 1+u,, 1+, 
1+ Uy. 
, n 


(i) Suppose that Lu,” is convergent, then by the general principle of 
convergence we can find m so that for all values of n, Sm,n<2Le, and 
therefore 

O<T m, n~ im, n <E, 
where e is positive and as small as we please. 

Hence by the general principle of convergence, P converges, diverges to œ , 
diverges to 0, or oscillates, as Lu, converges, diverges to œ , diverges to — œ , 
or oscillates. 
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(ii) Suppose that Xu, diverges, then since fm, ,n—tm, n>Sm,n/ 2H, 
it follows that, for sufficiently large values of n, 
Tmn — im n> N 
for any positive value of N, however great. Hence 
(a) If Xu, converges or oscillates between finite limits, then P diverges to Q. 
(b) If Su, dwergesto +œ or oscillates so that its upper limit is +o, 
then P may converge. 


This includes all possible cases, and when the logarithm of a complex 
number has been defined and its properties investigated, the same method 
can be applied when the factors of P are complex numbers. 


EXERCISE LII 


Obtain the results in Exx. 1-5 by considering the value of P, in each case. 


1. (1+3)(14 3)(144)-...-> 0. [Pa =2(n+1).] 
2 (1-4)(1—4)(1 2). 0. | Pa. . | 
1 1 ` ] l | ] wth 
3. (1-5) (1-35) L-g) e> P= 73 Seon 
4. (1—3)(14+3)(l-a)(14+3)...> 2 Pa and P,/Pn1> 1.) 
5. (1+2)(1-3)(1+a)(1-$)... 71 [Pony = 1.] 
6. Show that 
a leg?” 
(1 +a) (1-ta2)(1-+at)(1 +08)... (1 Hr” =a. 
Hence if |a|<1, 
] 
(1+2)(1+2?)(14+24) ... to œ = vas 
7. Show that 
sin x=2” sin — cos = COs - s ... COS a . 
2" 2 92 Qn 
Remembering that lim ne a, deduce that 
0—>0 
x sin x 
co a COS ga cos zə to = 


8. Show that (1+2) 1+5) € +3) ... diverges to o or to 0 according as 
x= 0. 


9. Show that the infinite products 


CESCE CEES (+H): . and (14 a) - z)0+4)(1- i) 


are convergent for all values of x. 
19) B.C.A. 
21 
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10. If |z|<1 and |zx|<1, show that 
ee =] +q +q? + ...4+9,27 +... 
(1 —zx)(1 —zx?)...(1- — za") i ? í 
(1 —a")(1 —att1)... (1 —amtr-ay 
te (Ta) (1-2)... (1-27) 
[Proceed as in Art. 6, Ex. 1.] 


where 


11. If n, r are positive integers, show that 
(1 —2")(1 — a+)... (1 ~ attr!) 
is exactly divisible by (1 —2)(1 —2?)...(1—27). 


12. If |x|<1 and |zx|<1, show that 


l 
PEO ee Spaut pa too; 
ede oa ET TR 
where t.==a"/(1—2x)(1—2?)... (1 ag"): 


[Having explained why such an expansion is possible, put zx for z and show 
that 


(1 -zæ)(l +t ttz? +...) = 1+ izg t taz? t? +.... 
Hence by equating the coefficients of 2”, 
(1 -xj =x . tpi] 
13. If (1+zæ)(l+zz?)... (1+2?!) =1 +p, +p? +... + prz”, show that 
Als a te = ihe scaly 
14. If |z|<1, show that for all values of z, 
(1 +2zxr)(1+203)(1+205)...=1l4+]z2+1.29+...41h 27+... 


r2 


1 2 
r 
where bee (l—2)(1o x8) E “2 
15. If |x|<1 and |2z|<1, show that 
] 
(1) (l—zx)(1 eee any eae Tei) =l +z +q? t., 
(1 —22")(1 - — g?(n+1)) (1 — 2(ntr—-1)) , 
~ (AAAA. e 


1 
E a en ae Bile 


where q,= 


(ii) 


where t, =x"/(1 — x?) (1 — a4)... (1 — x2"). 


CHAPTER XXXI 
PERMUTATIONS, COMBINATIONS AND DISTRIBUTIONS 


1. Combinations with Repetitions. The number of combina- 
tions of n things r together, when each may be taken as often as we 
please, is denoted by H”, and is the same as the number of homogeneous 
products of degree r which can be formed with n letters a, b,c, ... k. 

The sum of these products is the coefficient of x” in the expansion of 

(ltacv+ata?+...)(l+b0+b'x?+...)... (1 +ke+ kêr? +...) 


When a, b,... k are all equal to unity, we obtain the number of the 
products. Thus 
H” =coefft. of x” in (1 ++? +...)” 
=coefft. of z" in (1 -—2)-”; 


therefore H” = cea aac = 0r+r-1, 


2. Combinations and Permutations of n Things, not all 
different. LetC be the number of combinations, and P the number of 
permutations, of n letters aa... bb ... cc... taken k together, then 


(1) C ts equal to the coefficient of x* in the product 
(1 —a)-F (1 = P+) (1 = z1) (1 =H) na, 
where f is the number of different letters, p is the number of a’s, q the number 
of b's, r the number of c’s, and so on. 


For the sum of the combinations in question is the coefficient of z* in 
the product 


(l+ax+a?a?+...+aPxP)(1 + br +b? +... + bx)... 
. (l+cer+ ca? +... +07")... to f factors ; 


and their number is the coefficient of z* in the expression 
(lta+a?+...4a°)(l4+ata?+...¢a%(l¢ct+a?t... +27) ..., 


which is obtained from the preceding by putting a, b, c,... equal to 
unity. Whence the result follows. 
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(2) P is |k times the coefficient of x* in the product 
(1+ D pa +e] ici +e 
Pewee. 12 + n 2 
A + ata at s) ... to f factors. 
For the number of permutations involving Aa’s, ub’s, ves, ... 13 
Atm te ten A [Po 
P 1 
DRE 
where the summation is to include every set of values of A, u, v, ... chosen 
(with repetitions) from 0, 1, 2, 3,... such that 


At+wtvt...=k. 


Therefore P/ |k is the coefficient of z* in the above product. 


Hence 


Ex. 1. Find the number of combinations (C) and the number of permutations (P) of 
the letters of the word parallel taken four together. 
We have by the preceding, 


C =cocfficient of z? in (1 ~ 2)-5(1 —23)(1 —2*)(1 age 


PJ 4 =coefficient of z$ in (Ley aO itptp BOH it)’ 


whence we find that C=22, P 286. 


3. Distributions. If n things are divided into r lots or classes, the 
result is called a distribution. A number of different cases arise, thus: 
(i) Some of the things may be alike, or they may be all different. 
(ii) The order of the things in each class may, or may not, have to be 
considered. In the first case the classes are called groups ; in the second, 
they are called parcels. 


(1) When a distribution has been made, it may, or may not, be necessary 
to consider the order in which the classes stand. 

In the first case the classes are said to be different (meaning that they 
have to be distinguished from one another) ; in the second case they are 
said to be indifferent. 


(iv) Blank lots may, or may not, be sanae a ‘ blank lot’ being a ‘lot’ 
which contains none of the things. 


For example, consider what is implied in the following questions. 


Ex. 1. How many different signals can be made by flying five flags a, b, c, d, e on 
three masts ? 
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Denoting the masts by 1, 2, 3, the following arrangements give different signals. 


1 2 3 1 2 3 1 2 3 

a d e b de d a e 
A (B) o (ce) “ F 

c c c 


Because such arrangements as (A) and (B) are different, it is a case of distribution 
in groups. 

Because (A), (C) are different, the groups are said to be different. 

Further blank lots are admissible, for all the flags may be flown on only one or only 
two masts. (See Art. 4, Ex. 1.) 


Ex. 2. In how many ways can five books a, b, c, d, e be divided among three people 
denoted by 1, 2, 3 ? 

Such distributions as (A), (B) in Ex. 1 are identical, so it is a case of distribution 
in parcels. Also the distributions (A), (C) are different, and so the parcels are said to 
be different. 

Further, it is implied that cach person gets at least one book, and so biank lots are 
not allowed. (See Art. 5, Ex. 1.) 


Ex. 3. In how many ways can five books be tied up in three bundles ? 

Here the order of the books in a bundle does not matter, so the distribution is in 
parcels. Also the bundles are not to be distinguished from one another, and so the 
parcels are indifferent. (See Art. 5, Ex. 2.) 


4. Arrangement in Groups. The number of ways in which n 
different things can be arranged in r different groups ts 


r(r+1)(r+2)...(r+n—1) or in Cras 
according as blank groups are or are not admissible. 


Proof. (i) Let n letters a, b, ... k be written in a row in any order. All 
the arrangements of the letters in r groups, blank groups being admissible, 
can be obtained thus: place among the letters r—1 marks of partition, 
and arrange the n+r-—1 things (consisting of letters and marks) in all 
possible orders.* Since r—1 of the things are alike, the number of dif- 
ferent arrangements is [n+r- 1/ eel =7(r+1)(r+2)...(r+n-—1). 


(ii) All the arrangements of the letters in r groups, none of the groups 
being blank, can be obtained as follows: (a) Arrange the letters in all 
possible orders. This can be done in |n ways. (b) In every such arrange- 
ment, place (r—1) marks of partition ın (r—1) out of the (n-1) spaces 
between the letters. This can be done in C%Z} ways. 


Hence the required number is |n C%4. 


Ex. 1. How many different signals can be made by flying five different flags on 
three masts ? 
The required number =3.4.5.6.7 =2520. 


* Thus one arrangement of 7 letters in 5 groups, the second blank, is indicated by a || bcd | ef |g. 
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5. Distribution in Parcels. 
(1) The number of ways in which n different things can be distributed into 
r different parcels, blank lots being admissible, is r”. 
For each of the n things can be assigned to any one of the r parcels. 
(2) The number of ways in which n different things can be distributed into 
r different parcels, there being no blank lots, 1s 
—Ci(r—1)" + Ch (r—-2)" —... + (-1)"7CF_y, 


which is |n tumes the coefficient of x” in the expansion of (e — 1)’. 


Proof. In any distribution, denote the parcels by a, a, ... p, and 
consider the distributions in which blanks are allowed. 

The total number of these is r”. 

The number in which œ is blank is (r-1)”. 


Therefore the number in which œ 1s 
not blank is 


Of these last, the number in “sh 


- (r-l) 


— (r - 2)”. 


a 1s blank is 
Therefore the number in which œ, 
a, are not blank is 


Of these last, the number in which 
a, is blank is 


—2(r—1)"+(r—2)". 


2(r — 2)" + (r - 3)". 


Therefore the number in which 
M1, %, &, are not blank is 


s r” --3(r — 1)" +3(r — 2)" — (r - 3)". 


This process can be continued as far as we like, and it is obvious that 
the coefficients are formed as in a binomial expansion. 
Hence the number of distributions in which no one of x assigned parcels is 


blank is r” — OF (r -1)* + C3 (r—2)"—... +(-1)*(r—2). 
When x=r, this gives the result in question. 


A complete proof is as follows : 

Let u, denote the number of distributions in which no one of the parcels 
Xy Xg- Xg is blank. Of these, the number in which «,,, is blank is 
obtained by changing r into r—1 in u, (which is a function of r). This 
number is represented by #-!u,, where H-! denotes the operation of 
changing r into r-—1. 

Therefore the number of distributions in which no one of œ}, @z, ... x41 
is blank is u,—#-'u,, that is to say, w,,,=(1-#-)u,. 


Also we have u, =r" -(r- 1) =(1 - E-r”. 
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Hence Uy, = (1 —--)*r" 
= (1 -CFE + CgZh-*— ...4+(-1)*#-*)r" 
=r” — CF (r — 1)” + C8 (r — 2)" —... 4+ (-1)* (7-2), 


and when x=r7, this gives the result in aton 


Ex. 1. In how many ways can five different books be distributed among three persons, 
if each person is to have at least one book ? 
The required number =3° -3 . 25 +3 . 15 = 150. 


Ex. ?. In how many ways can five different books be tied up in three bundles ? 


l 150 
es 9 = 95. 
3" 3.2843, 1) = = 


Lı 


The required number -: 


(3) The number of ways in which n things of the same sort can be dis- 


tributed into r different parcels is C11 or C21, according as blank lots 


are or are not admissible. 


Proof. If there are no blank lots, any such distribution can be effected 
as follows: place the n things in a row and put marks of partition in a 
selection of r—1 out of the n-—1 spaces between them. ‘This can be 
done in CPi ways, which is therefore the number of such distributions. 


If blank lots are allowed, the number of distributions is the same as that 
of n+r things of the same sort into r parcels with no blank lots. For 
such a distribution can be effected thus: put one of the +r things 
into each of the r parcels, and distribute the remaining n things into r 


parcels, blank lots being allowed. Hence the number in question is 


+r—1 
r-i 3 


These theorems can also be proved as in Ex. 2 of the next section. 

(4) The number of ways in which n things of the same sort can be distributed 
unto r different parcels, where no parcel is to contain more than k things and 
there are no blank lots, is the coefficient of x” in the expansion of 

(£ AL? +L +... 2) or of (L—a*t)r(1—x)—. 

For the product of r factors, each of which is 7+27+23+...+27, may 
be denoted by X'z*xx’..., where x, 2, x’, ... are any terms selected 
from z, x*,... z*, the summation to include every such selection. 

The coefficient of z” in the product is therefore the number of ways in 
which r numbers A, u,... can be chosen from 1, 2, 3,... k, repetitions 


being allowed, such that their sum may be n, and this is the required 
number. 


Distributions of things of the same sort into indifferent parcels are con- 
sidered in Art. 8. 
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Ex. 1. In how many ways can three persons, each throwing a single dic once, make a 
total score of 11? 
The required number is equal to the co. of ein (a -+ a? +a +... 4x6) 
=co. of z! in 2x43(1 - x6) - 2)? 
-=co. of zë in (1 —2x)-3(1 ~ 3x8) 


3. E 
=co. of 28 in € re + eee x \a -- 328) 


9 
= 45 ~ 18 ==27, 

Ex. 2.) Apply this method to prove the theorems of the last section. 

The number of distributions of n like things into r parcels is the coefficient of z” 
in (l+a7+2%+... to œ)” orin (£+? +r? --... to œ y, according as blank lots are or 
are not allowed. 

These expressions are respectively equal to (1 - x)” and 2"(1—2)~', cte. 


6. Derangements. Any change in the order of the things in a 
group Is called a derangement. 

If n things are arranged in a row, the number of ways in which they can be 
deranged so that no one of them occupies its original place ts 


pe Medel 


Proof. Denote the group of things by @,, a, ... an. The total number 
of arrangements is |n; and of these 
Voss 


The number in which a, stands first, 
. . e ` . re ooo ° 
Le. 18 IN situ, is |» Pa 
Therefore the number in which a, is : l 
. . . Ma) ag |n FEN ° 
not n sulu 1s i S 
Of these last, the number in which ag} | 
i n—-L—-in—2. 


is ¿n situ Is itd ver ean 


Therefore the number in which 
ee ae ae |n-2|n-1+|n-2. 
neither a} nor a, 1s in silu is IS Neen 


Of these last, the number in which a, 


oe eed jn-1-2 |n-2+ w3. 
isan situis ORE 


Therefore the number in which no 
|n--3 jn-1+3 jn —2— in ~ 3, 


A, ermine 


one of a}. dg, G3 18 tn situ is 


This process can be continued as far as we like, and it is obvious that the 
coefficients are formed as in a binomial expansion. 
Hence the number of arrangements in which no one of x assigned letters is 


ae |n — OF |n-1+C3 |n-2—...4+(-1)* |n—a. 


Jf =n, the last term is (—1)", and we obtain the result in question. 
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A complete proof is as follows : 

Let v, denote the number of arrangements in which no one of @, ag, 

. dy IS in situ. 

Of these, the number in which a,,, 18 in situ is obtained by changing » 
into n-1 inv, (which is a function of n). 

This number is represented by #-'v,, where £~! denotes the operation 
of changing n into n-1. 

Therefore the number of arrangements in which no one of dy, dg, ... Agy 
isin situis v,—L-'v,, that is to say, 

Ug, = (1 -L Wa 
Also, as in the preceding, we have 
Upe kiss jn- l=(1 —b-)\n. 
Hence it follows that 
v, = (1 — E71)” |n 
= CTE CEN? =... (IE *) [n 
-Ci ln —1+03 = Bat ( =D noe 

If r=n, the ins term is (—1)", and we obtain the result in question. 

Nore. (i) The exprossion (A) is sometimes called suffactorial n, and is denoted 
by | n. It is easily shown that ||» is the integer nearest to ja Je 

(ii) The values of iK for n=l, 2, 3,... can be caleulated thus: Begin with l 


and multiply successively by 1, 2, 3, ... , increasing any even product by 1 and decreas- 
ing every odd product by 1 before the next multiplication. Thus 


[rek teis0; || 220:2 e121, 
|[3=3.1-1=2,  j|4=4.2+1=9. 


7. A General Theorem. In Arts. 5 and 6 we have instances of a 
theorem, stated by Whitworth * as follows : 


If there are N sets of letters and, if out of r assigned letters a, b, ¢, ... , each 
letter occurs in N, sets, each combination of two letters occurs in N, sets, each 
combination of three letters occurs in N, sets, and so on; and finally all the 
r letters occur in N, sets, then the number of sets free from all the letters is 

N —~CUN,+C§N,-C3N,+...+(-1)'N,. 

Or more generally :* If there are N events and r possible conditions such 
that every single condition is satisfied in N, of the events, every two of the 
conditions are simultaneously satisfied in N, of the events, ... and finally all 
the r conditions are simultaneously satisfied in N, of the events, then the 
number of events free from all the conditions is as stated above. 

The proof is exactly similar to that in the last article. 


* Whitworth, Choice and Chance, p. 73. 
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8. Partition of Numbers. (1) In this section we consider a num- 
ber as formed by the addition of other numbers. 

Any selection of the numbers 1, 2, 3, 4, ... (with repetitions), of which 
the sum is n, is called a partition of n ; if the selection contains p numbers, 
it is called a parition of n into p parts or, shortly, a p-partition of n. 

Thus 7=3+2+1+1, and we say that 3211 is a 4-partition of 7. 

Ex. 1. Supposing that all the partitions of 1, 2, 3, 4, 5 have been written down, 
explain how to find all the partitions of 6. 

Take first 6; then 5 followed by 1; then 4, followed by all the partitions of 2 
(that is, 2, 11); then 3, followed by all the partitions of 3 (that is, 3, 21, 111); then 2, 
followed by the partitions of 4 which contain no part greater than 2 (that is, 22,211, 
1111); lastly, 111111. The complete set is 


6, 51, 42, 411, 33, 321, 3111, 222, 2211, 21111, 111111. 
(2) If IT; is the number of p-partitions of n,* then 
U sd pier ae e ae et er eee eer (A) 

To make the p-partitions of n is to distribute n elements into p indifferent 
parcels, blanks being inadmissible. 

This can be done bv placing one of the elements in cach of the p parcels 
and then distributing the remaining n-p elements into 1 or 2 or 3... or 
p parcels. Therefore 

Tell F A SU atda 5 NoE (B) 

Changing n into n-1 and pinto p—1, we have 

— ] = nae zay —_ 
TH ed aed, Pa ee 
whence the result (A) follows. 

If p> dn, then IT} = ITS}. 

For in this case p=»n—p, and therefore IT, ”=0. 

(3) Construction of a table of values of 715. We have 

rel, ITg=2(n-1) or yn, 
according as n is odd or even. Also I7;,=1, My ,=1. 

In the table on page 501, denote the nth space of the mth row by (n, m): 
call the set of spaces (n, 1), (n+ 1, 2), (n +2, 3), ... the n-th diagonal. 

We can fill up the first and second rows and the first and second diagonals, 
and using § (2), we have 

O$ ‘= Tt, Wet? -= M$ a M, Wy? = I3 + IT + TG ete. 
Hence the numbers in the (n +1)th diagonal are the sums of one, two, 


three, ... terms of the nth column, starting from the top. 


* Ip is subsequently denoted by P(n, p, *). 
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The second column is 1, 1, 0, 0,..., therefore the third diagonal is 
1, 2, 2,2, .... The third column is 1,1,1,0,0,... , and the fourth diagonal 
1, 2, 3, 3, 3, ... ; and so on to any extent. 


TABLE OF p-PARTITIONS OF n (i.e. VALUES OF P(n, p, *)) 


et 


n=(112131415161718/9110/ 12/12/13 | 14/151 16/17/18 119/20 


VATE eieiel SiS eE 


p=l 
2 | lililel2/s{sl4ja} 5| 5| 6| 6l 7| 7| 8| 8! 9| 9110 
3 | | lilil2/3lats|7| 8/10/12 [14 [16l 19/21/24) 27/30/33 
4 lhtee tala olea 
5 | | | | {alal2lsts} 7/10/13} 18] 23/30/37) 47/57 |70! 84 
6 | | | | fT lalala}s} 5} 7|11] 14/20] 26/35/44 /58]71 | 90 
7 | | | i [| lalate} 3{ 5] 7] 111s} 21}28) 38] 49] 65 | 82 
s || {ff hla] 2} a} 5] 7]11]15|22] 29/40] 52/70 
9 |} ttf] TT tila} a} sf 5] 7lulisl22|30l41 |54 
wo ||| tt ty df fatale} st s| 7n lis|22130]42 


(4) Various classes of partitions of n may be considered: the num- 
ber of those in any particular class is denoted by a symbol of the form 
P(n, , ) where the number and the nature of the parts are respectively 
indicated in the first and second spaces following n. 

In the first space, p means that there are p parts; and <p means that 
the number of parts does not exceed p. 

In the second space, q means that the greatest of the parts is g; 
and <q means that no part exceeds q. 

An asterisk means that no restriction is placed on the number or the 
nature of the parts, as the case may be. 

If the parts are to be unequal, then Q is used instead of P. Thus: 

P(n, p, q) is the number of partitions of n into p parts, the greatest 
of which is q. 

P(n, p, *) is the number of p-partitions of n. 

P(n, <p, *) is the number of partitions of n into p or any smaller 
number of parts. 

Q(n, *, <q) is the number of partitions of n into unequal parts, none 
of which exceeds q. 
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(5) The values of P(n, <p, *) can be found from the table on p. 501. 
For instance, the number of partitions of 10 into not more than 4 parts 
is the sum of the first four numbers in the 10th column, and is therefore 
the 4th number in the 11th diagonal, that 1s 23. 

That is to say that 

P(10, <4, *)=P(14, 4, *), 


and, in general, we have 


(6) We have the following relations : 
P(n, P, q) =P(n “UY pe l, <y) 
and Q(n, p, g=QO(n-—g, p—1, <q). aaaeeeaa ETET (D) 
For consider any partition of n into p parts, of which the greatest is q. 
If we remove the part q, we have a partition of n-—q into p-1 parts, 
none of which exceeds g. Also from every partition of the latter kind we 
can derive one of the former. 


(7) Conjugate Partitions. Consider a partition of 8 into 3 parts of 
which the greatest is 4, say 4 3 1. 

This may be written as in the margin, and if we sum the 1111 
columns instead of the rows, we have 3221, a partition of 8 111 
into 4 parts of which 3 is the greatest. l 

Clearly 4 3 1 can be derived from 3 2 2 1 by the same process, and these 
are called conjugate partitions. 

Thus to every partition of n into p parts of which the greatest is q, there 
corresponds a partition of n into q paris of which the greatest is p. 

Consequently, we have 


FOST a Os 1) ee (E) 
P(n, p, *)= P(n, *, p), 
POs moe Ny E haen (F) 
P(n, <p, *)=P(m, *, SP). oieee (G) 
Thus by § 5, 
LD) EPn he aeiaai (H) 


(8) Euler’s use of Series in the Enumeration of Partitions. 
(i) O(n, *, <q) is the coefficient of x” in the expansion of 
(1 +a)(1 +27)(1 +x)... (1 +22). 


For this coefficient is the number of ways in which n can be obtained by 
adding a selection of the numbers 1, 2, 3, ... q. 
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(11) P(n, *, <q) ts the coefficient of x” in the expansion of 
-r)i (1 -21 -r)a ... (da). 
For consider the product 
(1 +e+r?+... (Hr tri. (L HEHn) (Ltat+ n. 


Any terms out of the first, second, ... qth factors may be represented 
by x2, x78, £?” ... 2% where a, B, y...@ are any of the numbers O, 1, 2, ... ¢. 
If the product of these terms is z”, we have 

a+284+3y+...4+q0=n. 
Hence the coefficient of z” in the product is the number of ways in 


which n can be made up by adding any selection of the numbers 1, 2, 3, 
... q, repetitions being allowed. Hence the result follows. 


(111) O(n, p, <q) ts the coefficient of z?x” in the expansion of 
(1 +2x)(1 + 2x7)(1 + 2x3)... (1 +2274), 
and is therefore the coefficient of x~*?'?+)) in the expansion of 
(1-20) (1 at)... (Lat?) 


(1 —a)(1—22)... (1 —2?) 

For the coefficient of 2?x" in the first product is the number of ways 
in which n can be obtained by adding a selection of p of the numbers 
l yoy Sade 

The rest follows from Ch. XXX, 6, Ex. 1. 

(iv) It follows that Q(n, p,*) is the coefficient of «2™~4?+!) in the 
expansion of = (J — g)-! (1 -- 22)-1(1 — 23)". (L-z?) 

Hence by (ii),  Q(n, p, *)=P(n—-gp(p+), *, <p), 
whence by § (5),  Q(n,p, *)=P(n—-3p(p-—1), p, *); 
thus the number of partitions of n into p unequal parts van be found from the 


table of values of P (n, p, *) in (3). 


Ex.l. In how many ways can 17 be made up by adding four of the numbers 
Lj 2p pace ge Ot 

We havo Q(17, 4, *) =P (17 - 4.4.3, 4,*)=P(11, 4, *)=11. 

Thus the total number of ways of forming 17 by adding four of the numbers 1, 2, 
Sy cae isll. 

From this number we must subtract the number of partitions with a part greater 
than 9. 

These partitions are 10, 4, 2,1; 11, 3, 2,1; and their number is 2. 

Or thus, Q(17, 4, 10) =Q(7, 3, <10)=Q(7, 3, *) = P(4, 3, *)=1, 
and similarly @Q(17,4,11)=1. Hence the required number is 11 -2=9. 
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(v) The reader should have no difficulty in verifying the following : 
(1 —zx)-*(1 - zz?) ... (1 —2a7) 1=14 2P(n, p<q)2?2", 
(1 —zx)— (1 — zz?) (1 — zz)! ... to œ =1+2'P(n, p, *) 22", 
(l-—z)7(1—2x)? ... (L—2@7%)-'=14+2P(n, <p, <q)22", 
(1 —z) (1 — zx) (1 —22?)-! ... to œ =14+2P(n, <p, *)2?x". 


EXERCISE LIII 


1. Find the number of ways of displaying 5 flags on 4 masts if all the flags 
are to be used, and (i) one or more of the masts need not be used ; (ii) all the 
masts are to be used. 


2. Find the number of ways in which n things, of which r are alike, can be 
arranged in circular order. 
3. Show that a selection of 10 balls can be made from an unlimited number 


of red, white, blue and green balls in 286 different ways, and that 84 of these 
contain balls of all four colours. 


4. Show that the number of different selections of 5 letters which can be 
made from five a’s, four 6’s, three c’s, two d’s and one e is 71. 


5. Show that a selection of (n-1) things can be made from 3n things, of 
which n are alike of one sort, n are alike of another sort and n are alike of a third 
sort, in n . 2"! different ways. 

6. In the expansion of (a,+a,+. )” where n is any positive integer not 


aan than p, prove that the coefficient e any term in which none of the numbers 
ais Az, ... Qp Occurs more than once is |n. 


7. In how many ways can a white balls, b black balls and c red balls be put 
in m different bags, if one or more of the bags may remain empty ? 

8. In an examination, the maximum mark for each of three papers is n ; 
for the fourth paper it is 2n. Prove that the number of ways in which a candidate 
can get 3n marks is 

a(n +1)(5n? + 10n + 6). 
[Number = coefficient of x°” in (1 —-a"+1)3(1 -2?"41)(1 — 2)~4,] 
9. In how many ways can 5 rings be worn on the 4 fingers of one hand ? 


10. In how many ways can an examiner assign 30 marks to 8 questions, 
giving not less than 2 marks to any question ? 

11. The number of ways in which 2n things of one sort, 2n of another sort and 
2n of a third sort can be divided between two persons so that each may have 
3n things is 3n?+3n+ 1. 

[Number of selections of 3n things = coefficient of x°” in (1 —2?"*+)3(1 —x)-3,] 


12. The total number of permutations of n things taken 1, 2, 3, ... or n together 
is the integer nearest to ejn -— l. 


l 
[Total number =e |n ~ 1 - (ates PEE ie a) 
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13. There are 5 letters and 5 directed envelopes, (i) In how many ways can all 
the letters be put into the wrong envelopes ? (ii) In how many ways can 2 letters 
be rightly placed and 3 letters wrongly placed ? 


14. The number of arrangements of the n terms ay, a, ... a, in which no one 
of r SeqUENCES Aaa, AyAs, ... A-A,,, OCCUTS is 


[n-ci |n-1+C3 |n-2- +- 1VC7 [n-r. 
[For the total number of arrangements is |n. Any one of the sequences 
occurs in |n—1 ofthese; any two in |n -2; and so on.] 


15. Show that the number of arrangements of the letters abcd which involve 
none of the sequences ab, bc, cd is 11. Verify by writing down the arrange- 
ments. 

16. The number of arrangements of the letters abcd in which neither a, b nor 


c, d come together is 
[4-01 |3 +C En |2=8. 
Explain this, and write down the arrangements in question. 
17. A party of 10 consists of 2 Englishmen, 2 Scotsmen, 2 Welshmen and 
4 men of other nationalities (all different). In how many ways can they stand 


in a row so that no two men of the same nationality are next one another ? 
In how many ways can they sit at a round table ? 


18. The number of combinations n together of 3n letters of which n are a and 
n are b and the rest unlike is (n+2)2"71, 
(Number = coefficient of x” in (1 — a"+1)2(1 +x)” (1 ~a)~, or in (2 — 1 — x)" (1 —a)~? 
= coefficient of z” in 2”(] —z)-2-n . 2"-1(1 —x)—}, etc.] 
19. Show that if a,, as, ... €m are distinct prime numbers other than unity, the 
number of solutions in integers (excluding unity) of the equation 
UiNelg sss Vy GAs 0s Gy, 
is n”. Show also that the number of solutions in which at least one x is unity is 
CE(n—-1)™-CB(n —2)"™+...4(-]l” C7, . 1". 
[Solution follows from the genera] theorem of Art. 7.] 


20. Given n pairs of gloves, in how many ways can each of n persons take a 
right-handed and a left-handed glove without taking a pair ? 


21. (i) If n things are arranged in circular order, the number of ways of select- 
ing three of the things no two of which are next each other is 
en(n —4)(n —5). 
(ii) If the n things are arranged in a row, the number of such sets of three is 
g(n—2)(n—3)(n—4). 
22. Find the number of positive integral solutions of z+y+z+w=20 under 
the following conditions : 


(i) Zero values of z, y, z, w are included. 
(ii) Zero values are excluded. 
(iii) No variable may exceed 10; zero values excluded. 
(iv) Each variable is an odd number. 
(v) x, y, z, w have different values (zero excluded). 
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23. Prove that the number of positive integral solutions (zero values excluded) 

of the equation 
x +2y+3z=n 

is qga(n—1)(n-5)+4(-J)"41¢, 
where c=] or g according as n is or is not a multiple of 3. Verify when 

=ù, 10. 

[The required number is co. of x” in 

(+ e®4+ 09+...) (2+ t+ 25+...) (23 4 26 H ...).] 

24, Tht number of independent solutions in unequal positive integers, zero 

included, of 
x+y+z }u=2p 

is the integer nearest to jg¢p"(2p — 3). 

25. Show that JIE" =3n?. 

PP af ecard AL? ed one cd yell e tl 


26. A necklace is made up of 3 beads of one sort and Ön of another, those of 
each sort being similar. Show that the total number of possible arrangements of 
the beads is 3n°4 3n+1. 

[Having put on the three beads, the number of arrangements of the Ön beads 
in the spaces between the three (which are indifferent) is 


TIS” 4. TTS” 4 TES = 3n2 + 32 4-1.] 
27. Find the values of (i) P(18, 5 *), (ii) P(12, <5, *), (iii) P(12, *, 4). 
28. In how many ways can 20 be expressed as the sum of four unequal positive 
integers ? 


29. Show that the total number of partitions of n is P(2n,n, *). Find the 
total number of partitions of 10. 


30. Show that P(2n+r, n+-r, *)=P(2n, n, *). Hence use the table of 
Art. 8, (3), to tind P(25, 18, *). 


os Show that P(n, p, <q) is equal to the coefficient of x”—? in the expansion 
o 
(1—9) (1 — xt)... (1 —xI+P: 1) 
© (l-z)(l-z?)... (1-2?) ` 
Hence show that 
Q(n, p, <g)=Pin -2 P(P -1), p, <(¢-p+ 1). 
32. Show that 
l 
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EXERCISE LIV * 


1. There arc n points in a plane, no three being collinear except p of them, 
which are collinear. How many triangles can be drawn with their vertices at 
three of the points ? 


2. There are n points in a plane, no three being collinear. Show that the 
number of n-sided polygons with their vertices at these points is 4 jn-1. Verity 
if n=4. a 


* The results in Exx. 9-12 were given by Dudeney 
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3. If m points in a straight line are joined in all possible ways to n points in 
another straight line, then, excluding the (m+n) points, the number of points 
of intersection is 

imn(m -1)(n ~ 1). 

4. If n straight lines of indefinite length are drawn in a plane, no two of them 

being parallel and no three mecting in a point, then 


(i) the number of points of intersection 1s n(n — 1); 
ii) the plane is divided into $(n?+"-+4 2) parts. 
(ii) Pp 2 p 
[(ii) If u„ is the number of parts, show that wu,,.=:u,_,+7.] 
5. Show that, in general, n planes divide space into §(n?+5n +6) regions. 
What are the exceptional cases ? 
[Tf no three planes have a common line of intersection and no four meet in a 


point, then v, =v,_4+U,_, where v, is the required number and u, is the same 
as in Ex. 4.] 

6. The number of squares formed on a piece of squared paper by m horizontal 
lines and n vertical lines (m<n) is 

em(m—1)(38rn-m-—1). 

7. (i) Tf m, n are positive integers such that m<n and m+n=a, where a is 

constant, prove that the greatest value of m(m — 1)(3n -m —1) is 
4(@+1)(a—-1)(a—3) or ja(a—1)(a-2), 
according as a is odd or even. 
(ii) If a straight rods of indefinite length are placed so as to form the greatest 
possible number of squares, prove that this number is 
ga(@t+1)(a-1)(a-3) or gga(a—1)(a- 2), 

according as a is odd or even. 


8. Show that the number of wavs in which three numbers in arithmetical 
progression can be selected from 1, 2, 3,...n is 4(m—1)? or n(n -2), according 


as n is odd or even. 


9. The sides of a triangle are a, b, c inches where a, b, c are integers and 
a<xb<e. 

If c is given, show that the number of different triangles is }(c +1)? or ¢c(c+ 2), 
according as c is odd or even. 

10. Of the triangles in the last question, the number of those which are isosceles 
or equilateral is }(3c—1) ifc is odd and (3c -2) ifc is even. 

11. Each side of a triangle is an integral number of inches, no side exceeding 
cinches. Prove that the number of different (i.e. non-congruent) triangles which 
can be so formed is 

ga(Ct+1)(c+3)(2c+1) or pyc(c+2)(2c+5), 
according as c is odd or even. 

12. Of the triangles in the last question, the number of those which are isosceles 
or equilateral is ¢(3c?+1) or 3c, according as c is odd or even. 


OK B.C.A. 


CHAPTER XXXII 
PROBABILITY 


1. First Principles. In speaking of the probability of an event, 
doubt is implied as to whether it will or will not happen. The degree of 
doubt depends on our knowledge of the controlling conditions. A complete 
knowledge of these enables us to say that the event is certain to happen 
or certain to fail. 

Measurement of Probabilities. We are constantly forming rough 
estimates of probabilities, saying that some event is unlikely, likely, very 
likely or certain to happen. This implies that (at any rate in certain 
cases) probability can be measured and can be compared with certainty, 
which must be regarded as a degree of probability. Thus there is nothing 
to prevent us from choosing certainty as the unit of probability, and this is 
always done. 

In what follows the words probability and chance are synonymous, both 
of them being used to denote measure of probability. 

Suppose that n balls A, B,... K, all of the same sort, are placed in a 
bag, and that one of them is drawn. There is nothing to favour the drawing 
of one ball more than another, in other words it is equally likely that 
A, B,... or K will be drawn. 

Thus if x is the chance that A is drawn, the chance that any other ball, 
say B, is drawn is also z. 

Our notions with regard to probabilities therefore lead us to assert that 
the chance that either A or B is drawn is 2x, and the chance that one of the 
n balls is drawn is nz. But it is certain that one ball will be drawn, and 
so nr=] and z=1/n. Thus the probability of drawing A is 1/n. 

The following definition is a statement of Laplace’s First Principle. 


Definition. If an event can happen in a ways and fail in b ways, and 
there is nothing to lead us to believe that one of these ways should occur 
rather than another, that is to say, all the ways are equally likely, then 

the chance that the event happens is  a/(a+), 
the chance that the event fails 1s -~ b/(a+6), 
the odds in favour of the event areas a:b, 
the odds against the event are as b:a. 
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If b=0, the event is certain to happen, and its probability is 1; if 
a=0, it is certain to fail, and the probability of its happening is 0. 

If a=b, the event is as likely to happen as to fail, and we say that 
there is an even chance of its happening. 

If p, q are the respective chances of the happening and failing of an 
event, then 

pt+q=l. 

Events of a type to which this definition does not directly apply will be 
considered later. 

Examples. (i) If a coin is tossed, the chance of ‘ heads ’ is 4. 

(ii) If a siz-faced die is thrown, the chance that ‘ ace’ turns up is 4. 

(iii) Jf a ball is drawn from a bag containing 3 white and 2 black balls, the chance of 
drawing white is 2; the odds against black are as 3 : 2. 

(iv) If a card is drawn from a well-shuffled pack, 


‘we 


twee to 


the chance that the card is a spade is 


‘ee 


the chance that the card is an ace is 


It is easy to make a mistake as to the meaning of * equally likely.’ 


Ex. 1. A man of much practical experience in the laying of odds said: ‘ If you 
toss three pennies simultancously, it is an even chance that they will fall all alike, 
t.e. all heads or all tails. 

‘For they must fall all heads, or all tails, or 2 heads and a tail, or 2 tails and a head. 
So they fall all alike in 2 out of 4 possible cases.’ 

As a matter of fact, the odds are 3 to l against their falling alike. For, if the pennies 
are denoted by a, b, c, then a can fall head or tail, and so for b and ce. Hence there are 
8 equally likely cases of which 2 are favourable. 


2. Exclusive Events. Events are said to be mutually exclusive 
when the happening of any one of them precludes the happening of any 
other. In the case of mutually exclusive events, the chance that one or 
other of them occurs 1s the sum of the chances of the separate events. 

This statement is known as Laplace’s second principle. It can also be 
stated as follows: If an event can happen in several different ways, one only 
of which can occur on the same occasion, the chance of its happening is the 
sum of the chances of its happening in the several different ways. 

For consider n events of which the chances are @,/9, @o/9, ... , @,/g respec- 
tively, where the letters denote integers. Out of g equally likely ways, 
the events can happen in aj, d,... @, Ways respectively, and since the 
events cannot concur, one or other of them can happen in a, +a +... +a, 
ways. The chance of this is therefore (a,+a,+...+@,)/9, which is the 
sum of the chances of the events. 
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Ex. 1. In a single cast with two dice, what is the chance of throwing (i) two aces, 
(11) doublets, (iii) five-six (i.e. one die turns up five and the other six) ? 

Any face of either die may turn up, so there are 6x6 equally likely cases. 

These are made up of the six throws (1,1), (2, 2), ... (6,6), together with the 
thirty throws (1, 2), (2, 1), ... (5, 6), (6, 5). 

We count (5, 6), (6,5) as the same throw, and call it five-siz. Thus 


the chance of throwing two aces =z ; 
the chance of throwing doublets =; ; 
the chance of throwing five-six = 3. 


Ex. 2. Ina single cast with two dice, what are the odds against throwing 7, i.e. against 
two numbers of which the sum is T? 
Out of 36 possible cases, those in favour of the event are (6, 1), (1, 6), (5, 2), (2, 5), 
(4, 3), (3, 4), and the number of these is 6, therefore 
the chance of throwing 7 is 5 = b, 


pe 


and the odds against throwing 7 are as 5:1. 


Ex. 3. Ina single cast with three dice, what is the chance of throwing (i) four-five-six, 
(ii) eleven, (iii) less than eleven, (iv) more than ten ? 
The number of possible cases is 63. 
(i) Among these four-five-six occurs |3 times ; 
2 al 
63 360 


(ii) Let s be tho number of cases in which 11 is thrown, then 


' chance of throwing four-five-six -= 


s=:coefft. of ain (x te? 473 +... tge)’ =27; 

21-1 

63? 8" 

(iii) Let ¢ be the number of cases in which less than 11 is thrown. These cases are 


those in which exactly 3, 4, 5, ... 10 are thrown. Therefore t is the sum of the coefħi- 
cients of x3, x4, x’, ... xt? in the expansion of 


(++ -H.S 5 
hence, t =coefficient of z!®? in 23(1 — xê) (1 —2)-4 
= coefficient of z? in (1 -—2)~4(1 — 3x!) 


Oal 
= coefficient of x” in (4x ro 2) — 3x?) 


' chance of throwing 11 is 


= 120 —- 12 -==108; 
. 108 1 
' chance of throwing less than 11 is “oO 
(iv) The total number of possible cases is made up of those in which more than 10 
are thrown and those in which less than 11 are thrown ; 


' chance of throwing more than 10=1 -4 =ż. 


6 
ut 


(In the old game of passe-dix, a player stakes on throwing more than 10.) 


kx. 4. A party of ten take their seats at a round table. What arc the odds against two 
specified persons (A, B) sitting together ? 


A having taken his place, B has a choice of 9 places, 2 of which are next to A, 
hence the odds against B sitting next to A are as 7: 2. 
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Ex. 5. Four cards are drawn from a pack of 52 cards. What is the chance that one of 
each suit is drawn ? 

Four cards can be selected from 52 in C3? ways; and this is the number of possible 
cases. One of each suit can be selected in 134 ways; and this is the number of 
favourable cases ; 

= 134 28561 
. required chance = C83 270725" 

Ex. 6. Five balls are drawn from a bag containing 6 white and 4 black balls. What 
vs the chance that 3 white and 2 black balls are drawn ? 

Five balls can be selected out of ten in C}? ways. This is the number of possible 
cases. Also three white balls and two black balls can be selected in C$. C3 ways, 


which is the number of favourable cases, therefore 


4 rod c} CS. C3 10 
1e requir eda cnance = “Gio oT è 
5 toed 


3. Independent Events. Events are said to be independent when 
the happening of any one of them does not affect the happening of any of 
the others. 


Laplace’s third principle. The probability of the concurrence of several 
independent events is the product of their separate probabilities. 


It is sufficient to consider two independent events A, and A,, of which 
the probabilities are p, and p, respectively. Suppose that A, can happen 
ina, ways and fail in b, ways, all of which are equally likely. Also suppose 
that A, can happen in a, ways and fail in b, ways, all equally likely. 

Then p,=4@,/(a,+,), P2=đə/(d +b), and there are the following 
possibilities : 

A, and A, may both happen, and this may occur in ad. ways. 

A, may happen and A, fail, and this may occur in a,b) ways. 

A. may happen and A, fail, and this may occur in a,b, ways. 

A, and A, may both fail, and this may occur in 6,6, ways. 


The total number of ways in which both A, and A, are concerned is 
(a, +6,)(a@.+6,), and these are all equally likely. Hence the chance that 
both A, and A, occur is a,a,/(a, +b) (aa +b) which is equal to p, pp. 

It should also be noticed that 


the chance that A, happens and A, fails is p,(1 —7p,) ; 
the chance that A, happens and A, fails is p(l- p); 
the chance that both A, and A, fail is (1 —p,)(1 — pə). 


Hence also the chance that one and only one of the events happens is 
Pi (1 — pe) + Pa(l — pı) = Py + Po — 2P: Po: 
Also the chance that at least one of the events happens (1.e. both do not 
fail) is l= (1 -— pi)(1 ~ po) = Pi + Po- PrPe- 
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Ex. 1. What is the chance of throwing ace with a single die in two trials ? 
The chance of not throwing ace in one trial is $, 
the chance of not throwing ace in two trials is (3)? ; 
‘, the chance of throwing at least one ace =1 — (2)? =44. 
Or thus, 


Chance of success in both trials = atz. 
Chance of success in the first trial and failure in the second =} . 
Chance of failure in the first and success in the second =£ > 4. 


ee be 1.5.41 
Chance of at least ono success = yg +2° | G=3G- 


ale 


Ex. 2. Referring to the last example, explain why the following reasoning is incorrect : 
The chance of throwing ace in the first trial is 4 and the chance of ace in the second trial 
18 i. therefore the chance of ace in two trials is 2. 

The throwing of ace in the first trial does not exclude the possibility of throwing 
ace in the second trial. Thus the events are not mutually exclusive and Art. 2 does 
not apply. It should be noticed that, if the reasoning were correct, it would follow 
that the chance of throwing ace in 6 trials would be $, i.e. that ace would certainly 
occur in 6 trials ; which is obviously false. 


Ex. 3. In how many throws with a single die will it be an even chance that ace turns 
up at least once ? 

The chance against ace turning up in n throws is (2)", and the chance that it turns 
up at least once is 1 — ()”. If then n is the required number, we have 


1-(2)"=$;5 2. (3)"=53 o n=3°8 nearly. 


an 


Hence it is less than an even chance that ace turns up once in 3 trials, and more 
than an even chance that it turns up in 4 trials. 


4. Interdependent Events. If two events A,, A, are such that p, 
is the probability of A,, and p, is the probability of A, on the supposition 
that A, has happened, then the probability that both A, and A, happen 
is Py Pp. 

Also if p, is the probability of a third event A, after A, and A, have 
happened, then the probability that A,, A, and A, will happen is p,popz3, 
and so on for any number of dependent events. 

For the reasoning of the last article holds good under these conditions. 


Ex. 1. One bag contains 3 white balls and 2 black balls ; another contains 5 white 
.and 3 black balls. If a bag is chosen at random and a ball is drawn from it, what is the 
chance that it is white ? 

The chance that the first bag is chosen is $, and the chance of drawing a white ball 
from it is 2; 

‘, the chance of choosing the first bag and drawing a white is 4- 2. 


Similarly the chance of choosing the second bag and drawing a white is $ . 5 : 


*, the chance of drawing a white from a bag chosen at random is 


TETE 
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Note. If all the balls were put into one bag and a ball were drawn, the chance of 
its being white is 58;, which is not the same as before. 


Ex.2. A person draws a card from a pack, replaces it, and shuffles the pack. He con- 
tinues doing this until he draws a spade. What ts the chance that he will have to make 
(i) at least three trials, (ii) exactly three trials ? 

1 


The chance of success at any particular trial is g. In the first case, he will have 
to fail at the first and socond trials ; 


. required chance = (3)* = 4%5. 


In the second case, he must fail at the first and second trials and succeed at the third ; 
. required chance = (3)? - ire 
Ex. 3. Five balls are drawn, one by one, from a bag containing 6 white and 4 black 
balls. What is the chance that 3 white and 2 black balls are drawn ? 


First method. It makes no difference to the result if we suppose the 5 balls drawn 
stmultancously. Hence, as in Art. 2, 


. 6 14 (77410 O 
the required chance =C, . CC; =}, 


Second method. Suppose the balls drawn in the order indicated by wwwbb. The 
chance that this occurs is easily seen to be 


Also the chance that 3 white and 2 black balls are drawn in any other particular 
order is obtained from the preceding by merely altering the order of the numerators. 

The number of orders in which this can occur is the number of permutations of the 
letters wwwbb, and is therefore 9 / |3 2 l0 


.. the required chance =10° yo" 9° 


which is equal to the result previously obtained. 


5. Another Way of estimating Probabilities. It is obvious 
that the definition in Art. 1 only applies to events of a restricted type ; 
in particular, to games of chance. There are other cases in which probability 
is estimated by considering the frequency with which the event occurs, or 
is believed to occur, ‘in the long run.’ For example : 


(i) It is an observed fact that about 51 per cent. of the children born in 
Europe are boys. Hence we say that the probability that a child, about to 
be born, will be a boy is about 0-51. 


(ii) According to ‘tables of mortality,’ such as are used by Insurance 
Companies, out of 81,188 men 50 years old, 70,552 live to the age of 60. 
We therefore say that the chance that a man of age 50 will live another 
10 years is 70552 /81188 =0-869. 


In general, if an event has happened in pN trials out of a total of N 
trials, where N is a large number, we say that p is the probability that 
the event will happen on a fresh trial. 
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This notion of probability is not at variance with that contained in 
Laplace's first principle (Art. 1). 

If a six-faced die is thrown a large number of times, we expect one face 
to turn up about as often as another, and this has been verified experi- 
mentally. Thus in a large number of throws we may expect ace to turn 
up in about $ of the total number of trials, and from this point of view we 
say that the chance of throwing ace is ¢. 


6. Expectation. Suppose that a person (A) has a ticket in a 
lottery which gives him a chance p of a prize of £a. 

If the lottery were held N times, where N is a large number, we may 
expect him to get the prize about pN times, receiving £pNa. Thus we 
may say that on an average he receives £pa for a single lottery, and this 
is called his erpectation. 

Next suppose that 4’s ticket gives him a chance p, of receiving £a,, a 
chance p of receiving £a, and so on. 

Jf the lottery were held N times, where N is large, we may expect him 
to receive £a, on about p, N occasions, £a, on about p N occasions, and so 
on. Altogether he may be expected to get about £N (pia; + podet...). 

Thus we may say that on an average he gets £(p,a,+ Podat...) for a 
single lottery. This sum is the sum of the expectations arising from his 
chances of securing the separate sums, and is called his expectation. 


Definitions. The average value of a quantity P, subject to risk, is the 
average value which P assumes in the long run. This value is also called 
the expected value of P or the expectation with regard to P. 

If a quantity P can assume the values P,, Pa Ps, ... and the chances 
that it has these values are respectively Pi, Po Pz...» the average or the 
expected value of P is p,P,+pePo+p3P3t.--. - 

This is merely a generalisation of what has been said in the case of a 
lottery. 

It should be observed that every p denotes the chance that P has the 
corresponding value, so that events need not be independent. 


Er. 1. A man’s expectation of life is usually taken to mean the average number of 
years which men of his age survive. 

If p, is the chance that he will survive r years, dying before the end of the next year, 
his expectation of life is roughly p,.1+p,.2+p,.3+.... A closer estimate will be 
given in another volume. 


Ex. 2. A person draws 2 balls from a bag containing 3 white and 5 black balls. If he 
is to receive 10s. for every white ball which he draws and 1s. for every black ball, what is his 
expectution ? 

The number of ways in which 2 balls can be drawn is C§ = 28. 
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Of these the number of ways in which 


2 white balls can be drawn is CZ =3, 
1 white and 1 black ball can be drawn is 3. 5=15, 
2 black balls can be drawn is C5 =10. 


Hence his chances of receiving 20s., 11s. and 2s. are respectively 3/28, 15/28, 10/28 ; 
*, expectation = (335 - 20+ 243 +1142 - 2) =8s. 9d. 


7. Successive Events. Let p, q be the respective chances of the 
happening and of the failing of an event at a single trial, then : 

(1) The chance of its happening exactly r times in n trials is CP pre~. 

For the chance of its happening r times and failing n-r times in a 
specified order is pq”. 

Now the number of different orders in which these things can occur is 
the number of different arrangements of r things of one sort and n—r 
things of another sort. This number is |n [|r = -r, which is equal to C}. 


Thus the event in question can happen in “Ch ww ways, which are mutually 
exclusive, and the chance that it happens in any one of them is p’g”-" ; 
therefore the required chance is C?p"q™-". 


(2) We have C"=Cy_,, therefore the chances that the event happens 
exactly n times, exactly (n-1) times, exactly (n—2) times, ... are 
respectively the first, second, third, ... terms in the expansion 


(p+q)" =p" + C”? peo mtg 4 OMe. 
(3) The greatest term in the expansion is that in which r is the integral 


part of eae that is of (n+1)g. Hence the most probable case is 


1+4q/p 


that of n—r successes and r failures where r is the integral part of (n+ 1)q. 

If ng is an integer, then r=ng and n—r=np, so that in the most 
probable case the ratio of the number of successes to the number of failures 
w pi q. 

(4) It may be useful to state an important theorem due to Bernoulli : 
If the chance of an event happening on a single trial is p and if a number 
of independent trials are made, the probability that the ratio of the 
number of successes to the number of trials differs from p by less than 
any assigned number, however small, can be made as near to certainty as 
we choose, by making the number of trials sufficiently great. 

The proof of this is beyond our present scope, and requires a use of 
approximate values of large factorials. For instance, we may use Stirling’s 
theorem, which states that 


] l 
no-n 
| n= =/Inn. ne (1475+ t 58372 a) 
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5) If Un, ts the chance that the event happens at least r times in n trials, 
we shall prove that 


E a a a pt a Chg, 
3 ] 1 4] 
(11) Un, r =P fı Pi r r1) 2 q? CSE e r(r ee l).. «(a ) ad: l 


e (8s. 

For if the event happens at least r times, then (i) it must happen exactly 
n times, or exactly (n — 1) times, or exactly (n — 2) times, ... or exactly r times, 
and the chances that these things occur are the successive terms of the first 
expression. 

Or, (u) it must happen exactly r times in just r trials, or in gust (r+ 1) 
trials, or in just (r+2) trials, ... or in just n trials. Now that it may 
happen exactly r times in just (r +s) trials, it must happen in the last of 
these and also in (r—1) out of the preceding (r+s-—1) trials. The chance 
of thisis pCrtitpr-igs = 0781p; and therefore 


Un =p" + 0p +O Eip... + OPE prye- 
=p + Cig +C +. + CRT 
which is the second of the expressions in ieee That these two expres- 


sions are equal may be proved as in Exercise XXXV, Ex. 9. 


Ex. 1. If a die is thrown 5 times, what is the chance that ace turns up (i) exactly 
3 times, (ii) at least 3 times ? 


(153/5\2 250 
Let x and y be the required chances, then eC3(.)(5) =ae, 
6, \ 6 6° 
1\ /1\4 5 eae poe 46 
ee 5 | 5 DF 
and y G) Poi (a o teila) Le) me 


or by the second ee 


coe 4/5 46 
l =i 
=(5) { a + 2 64 
Ex. 2. Aand B throw Ah with a single die, A having the first throw. The person 
who first throws ace is to receive £1. What are their expectations ? 
The chances that the stake is won at the first, second, third, ... throws are 


poe 


s ik _1 9y 1 /5\4 1 1 1 6 6 5 
A's chance=5 +( 3 | 3) ate Fg EG ii? ; B's chance=1-7,=j77- 
Hence, the expectations of 4 and B are £35; and £32; respectively. 


Ex. 3. ‘The Problem of Points.’ A and B play a scrics of games which cannot be 
drawn, and p, q are their respective chances of winning a single game. What is the chance 
that A wins m games before B wins n games ? 

Here A must win at least m games out of m+n-1, and the required chance is 
obtained by substituting these numbers for r and n in either of the formulae in (5). 
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(6) Several Alternatives. So far, at each trial there have been two 
alternatives—the event may succeed or it may fail. 

Consider the case of an experiment which at any trial must produce one 
of three results denoted by A, B, C. Let the chances that A, B, C occur 
at any trial be p, q, r respectively. One of the three results has to occur, 
therefore p+q+r=1. Also the chance that in n trials A occurs «æ times, 
B occurs f times and C occurs y times (where «+B+y=n) is 


I” aqBry 
ey 


that is to say, the chance is the term containing p%g®r” in the expansion of 


(p+qt+r)". 
For the chance that A may happen « times, B B times and C y times 
in a specified order is p*g®r’. 
Now the number of orders in which these things can occur is the number 
of arrangements of « things of one sort (A), 8 things of another sort (B), 


and y things of a third sort (C), placed in a row. 
This number is [n/|« |B |y. Hence the result follows. 


Ex. 4. A card is drawn from a pack, the card is replaced and the pack shuffled. If 
this is done six times, what is the chance that the cards drawn are 2 hearts, 2 diamonds and 
2 black cards ? 


At any trial, the chance that a heart or a diamond is drawn is $3=4; also the 
chance that a black card is drawn is $. Hence by the preceding, 


— (6 aya 18 /1)8__ 45 
required chance = 75-15-15 (4) (4) (3) = 512° 


Ex. 5. A ‘hand’ of six cards is dealt from a pack in the ordinary way. Find the 
chance that it consists of 2 hearts, 2 diamonds and 2 black cards. 
The chance that the 


first card dealt isa heart is 43, 
second card dealt is a heart is 4, 
third card dealt is a diamond is 4%, 
fourth card dealt is a diamond is t, 
fifth card dealt is a black is 2e, 
sixth card dealt is a black is $4. 


Hence the chance that 2 hearts, 2 diamonds and 2 black cards are dealt in this or 
in any specified order is 
EE E E a. 


The required chance is obtained by multiplying this number by [6/|212|2; and 
is therefore equal to 74%°55. 
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Ex. 6. Find the chance that in a game of whist the dealer (A) has exactly two honours. 

The card turned up is, or is not, an honour ; and the chances of these possibilities are 
respectively {h} and 73. 

In the first case A certainly has one honour. Of the remaining 51 cards, 12 belong to 
A and 39 to the other players. 

Let p be the chance that, of the 3 remaining honours, 1 is among the 12 cards and 2 
are among the 39, then 


In the second case, where the card turned up is not an honour, if p’ is the chance that 


2 honours belong to A and 2 to the other players, we have 
’ [4.12.11 ,39,38. 
P =C2' 31°50 40° 48) 
— -4 23 


' the required chance = ip +425 p’ = 333%. 

8. Probability of Causes. (I) Suppose that an event has happened 
which must have arisen from one of a certain number of causes Ci, Cy, ... . 
What is the probability that a specified cause, C,, actually led to the event ? 

This question is said to be one of inverse probability. 


Hx.1. Each of three bags A, B, C contains white and black balls, the numbers of which 
are as follows : 


A B C 
white - - ay As As 
black - - b ba bs 


A bay is chosen at random, a ball is drawn from it and ts found to be white. 

It is required to find the probabilities Q,, Qo, Qs that the ball came from A, B, C respec- 
tively. 

If the numbers of the balls are altered as below, the probabilities in question remain 
unchanged: 


A B C 
white - - 4,2 azy az 
black - - bx bay Daz 


when 2, y, z are any numbers whatever. Choose these so that 
z(a, + by) =Y (az + bg) =2 (a3 + ba). 

The three bags now contain the same number of balls, therefore any one of the 
(ax +ay +452) white balls is as likely to be drawn as another. 

If the ball which was drawn came from 4, then it belonged to the group ajx of 
white balls, and so for the other possibilities. 

Therefore Qi : Qe: Qg = Q12 : Agy : QaZ =P] : Pot Pas 
where Pı =4,/(4,+6;), Pa™=Aa] (az +b), Pa =d] (a3 + ba). 

Now a white ball 7s drawn, therefore 


Qi+92+9;=1 and Q,=p,/(p1+P2+Ds)s 
with similar values for Q}, Qs. 
It is to be noticed that p, 18 the probability that the event will occur on the supposition 
that the ball comes from A, and so for Py Ps. 
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Hx. 2. The same as the preceding, except that there are m, bags such as A containing 
a, white and b, black balls, m, such as B, and m; suchas C, asin Ex. 1. Also Qi, Qz Qs 
are the chances that the ball came from an A, B, C bag respectively. 

Alter the numbers of the balls as in the preceding. Then any one of the 


M A,X + Meo + MgA 
white balls is as likely to be drawn as another, and Q, is the chance that it comes from 
one of the m, groups of a,x balls, so also for Q, Q3, therefore 
Qi : Qo : Q3= MAIT : Moly : MgA =M PI : MyPo : MgP3y 
and as before, Qi +Q +Q =l, 
therefore Qi =M P| MPi + MPa + MP3) 
with similar values for Q,, Qz- 


Nore. If P, is the chance estimated before the evont that an A bag will be chosen 
and P, P, have similar meanings, we have 


P,: Py: Py=my,: my: ma; 
therefore Ops Oat Os=P py t Papel Ps 
and Qı = PiPı/ (Pipi + PoP + Paps), ote. 
Observe that Pp, is the chance that a white ball is drawn, and that from an A bag. 


(2) A General Statement. Suppose that an event has occurred which 
must have been due to one of the causes, Ci, Cy, ... Cy. 

Let P, be the probability of the existence of the cause C,, estimated 
before the event took place. 

Let p, be the probability of the event on the assumption that the cause 
C, exists. 

Then the probability Q, of the existence of the cause C,, estimated after 
the event has occurred, 1s gwen by 


Q, =P,p,/(Pypy + PaPa + -.. PaPa). 
For an argument similar to that in the last two examples shows that 


0 £052 OP 0 Los L ps oi 
and since the event has happened, 


Q tQ +... +n =l, 
whence the result follows. 


Nore. It is usual to call P,, P,,... P, the a priori probabilities of the existence of 
the causes and Q,, Q2,... Qn the a posterior: probabilities. 

The product P,p, is the antecedent probability that the event will occur, and that 
from the rth cause. 

The argument depends on the assumption (1) that Qi, Qo... are proportional to 
Pip, Pepe, .-. » Which is justified in (1) 

In particular, if an event is due to one of two causes, the odds in favour of its having 
occurred from the first cause are as P,p,: PaPe. 

The way in which these principles are applied to determine the Probability of Future 
Events is illustrated in Ex. 4. 
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Ex. l. <A bag contains 5 balls, and of these tt is equally likely that 0, 1, 2, 3, 4, 5 are 
white. A ball is drawn and is found to be white. What is the chance that this is the only 
white ball ? 

There are 6 possible hypotheses ; the number of white balls may be 0, 1, 2, 3, 4, 5. 

Denoting these possibilities by Cy, Cis... Cs, and using a notation similar to the 
above, we have 


enon 


. 
> 


PS Piece Pes and pọ =9, p=}, P=, Weis. “pe 
1 1424+3+4+4+5 1 
a Popo t Pipi +- + Pips =’ ` 


6 5 2? 


' the required chance = Q, = Pipi -4 =7s. 


Ex.2. If in the last example the ball which was drawn is replaced, what is the chance 
that a second drawing will give a white ball ? 


QoPot QIPI +- + OsPs =$ (pe +P +... +p) = 
Hence the required chance = 1 4, 


z Z a(124243 + 42 + 5). 


Ex. 3. A pack of cards is counted, face downwards, and it is found that one card is 
missing. Two cards are drawn and are found to be spades. What are the odds against 
the missing card being a spade ? 

The ‘event’ is that two spades are drawn. There are two possible hypotheses : 

(Ci) The missing card is a spade. 

(C,) The missing card is not a spade. 
The a priori probabilities P}, P, of Cy, C; are Py=4, P,=3. 
The chances p, p of the event under the hypotheses C,, C, are 


12,41 13 ,12 
Pi= 51°50. P2=81' 50: 


The odds against the missing card being a spade are as 


. —3.13,12.1,.,12,.,11l __9Q. 
Papa: Pipy=4° 31° 5o: aait om9: 11. 


Ex. 4. A bag contains m balls which are either white or black, all possible numbers 
being equally likely. If p white and q black balls have been drawn in p+q successive 
trials without replacement, the chance that another drawing will give a white ball is 

(p +1)/(p +g +2). 
The possible hypotheses, all equally likely, are that the number of white balls are 
m-q, m-q-l,... m—-q-rel, ... p. 
Denote these by Cy, Cas -ee Cipso C iG Le 
If Pi Pe... are the antecedent probabilities of the event under these hypotheses, 
_om—q-rt1 -r— 
we have Dee EEO ON Aid 
where u, ,=r(r+1)(r +2)... (r+q-l1), 
vp, =(n-r)(n=r+1)(n-=-r+2)...(n-r+p-1), 


n=m-q]-p+ 2, 
and A is independent of r. 
If Qi Qa... are the a posterior: probabilities of C,, C,,..., then Q,=u,v,/S, 


m+] 
where Sa Dieta ty IP 7 | 


ot peel ace Oe) 
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If p, is the chance that, with hypothesis C,, another drawing gives a white ball, 
MAG patrhl “malar. 
Pr = — —g—-p.  m-q-p° 
thus pp. ı=0, and the chance that another drawing gives a white ball is 


DQ, p = S| (m-q -p)S, where S= XII. u(n- l -r)(n-r)...(n-r+p). 


r=1 
Thus S’ can be obtained from S by writing »-—1 for n and p for p-1; and hence 


p+q+2 jmt+l S (p+1)(n-2) 
a ber ‘ a eit ean Es tae et ae aa LN S re = l 2 . 
S E E and s Pr the chance =(p +1)/(p+q+2) 


9. Value of Testimony. The theory of probability has been used 
to estimate the value of the testimony of witnesses. Such an application is 
open to adverse criticism. It rests on two assumptions which can hardly 
be justified, namely: (i) that to each witness there pertains a constant p 
(his credibility), which measures the average frequency with which he speaks 
the truth; (ii) that the statements of witnesses are independent of one 
another in the sense required in the theory of probability. 


If we are prepared to make these assumptions, the procedure is as follows. 


Hxz.l. If p is the probability that a statement made by A is true and p’ has a similar 
meaning for B, what are the odds in favour of the truth of a statement which A and B concur 
in making ? 

The ‘event’ is the agreement of A and B in making a certain statement. The 
possibilities are : (i) the statement is true; (ii) it is false. 

If it is true, the chance that they both say it is true is pp’. 

If it is false, the chance that they both say it is true is (1 —p)(1 - p’). 

Thus the antecedent probabilities of the event on the hypotheses (i), (11) are 


pp’ and (1~p)(1-p’), 
and the odds in favour of the truth of the statement are as pp’: (1 —p)(1-—p’). 


Ex. 2. A bag contains n balls, one of which is white. The probabilities that A and 
B speak the truth are p, p’ respectively. A ball is drawn from the bag, and A and B both 
assert that it is white. What are the odds in favour of its being white ? 

The ‘ event’ is the agreement of A and B in making a statement. The possibilities 
are (i) it is true, (ii) it is false. 

The a priori probabilities P,, Pa of (i), (ii) are P,=1/n, P,=(n—1)/n. 

If p,, p, are the chances of the event under (i) and (ii), we have p,=pp’. 

In the case of (ii), (7-1) balls remain in the bag, and one of these is white. The 
chance that A should choose this ball and wrongly assert that it was drawn from the 
bag is (l—p)(n-1). The chance that B should do the same thing is (1 - p’) (n-1); 


hence Pg=(1—-p)(1-p’)(n-1)%, 
and the odds in favour of a white ball having been drawn are as 


l , n-l j 1 
Pip: : Papa => pp a PE Pays 


=(n—1) pp’: (1-p)(1 -p’). 
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10. Geometrical Applications. The following statements are 
axiomatic : 


(i) If a point is taken at random on a given straight line AB, the chance 
that it falls on a particular segment PQ of the line is PQ/AB. 

Or we may say that the total number of cases is represented by AB, 
and the number of favourable cases by PQ. 


(ii) If a point is taken at random on an area S which includes an area o, 
the chance that the point falls on ø is o/5. 


Ex. 1. Given that x+y=2a where a is constant and that all values of x between 0 


and 2a are equally likely, show that it is an even chance that xy> ja’. 


Let AB be a diameter of a circle with centre O and 
radius a. Take a point P at random in AB. Q 
let AP=2, PB=y, then x+y=2a, and all values 
of x between 0 and 2a are equally likely. 
Draw the ordinate PQ, then PQ?=AP. PB=xy. 
If A’, B” are the mid-points of OA, OB, the ordinates 
at these points are equal to a. y2. A A OP B'B 
Hence PQ>ay if, and only if, P lies in A’B’. Via. 86. 
Hence the chance that ay>3c? is A’B’/.AB, that is $. 


Ex. 2. Two points P, Q are taken at random on a straight line OA of length a. Show 
that the chance that PQ>-b, where b<a, is (a—b)?/a’. 

Tho points are as likely to fall in the order O, P, Q, A as in the order 0, Q, P, A. 

We may therefore suppose that Q is to the right 
of P. 

Draw OA’ at right angles to OA and equal to it. 

Complete the figure as in the diagram, where 


OL = PR =b. 


If òr is small, the number of cases in which the 
distance of P from O lies between x and x+ôx and Q 
is in PA, is represented by ôx. PA, i.e. by the arca of 
the shaded rectangle. 

Of these, the favourable cases are those in which 
Q lies in RA, and their number is represented by the 
upper part of the shaded rectangle cut off by LM. 

Hence the total number of cases is represented by area of the triangle OAA’, and 
| the total number of favourable cases by the area of the triangle LMA’; 


/ — 2 
.. the required danes cach -() 


Al 


AOAA’ \ a 


CALCULATION OF CHANCE 523 


EXERCISE LV 


1. If two balls are drawn from a bag containing 2 white, 4 red and 5 black 
balls, what is the chance that 


(i) they are both red ? 
(ii) one is red and the other black ? 


2. A bag contains m white and n black balls. Hf p+q_ balls are drawn 
without replacement, the chance that these consist of p white and g black balls 


m INJIOMN 
is Cp -Calpe ' 


3. If four balls are drawn from a bag containing 3 white, 4 red and 5 black 
balls, what is the chance that exactly two of them are black ? (i.e. two are black 
and two are white or red.) 


4. In the last question what is the chance that at least three of the four balls 
drawn from the bag are black ? 


5. Out of 20 consecutive numbers, two are chosen at random ; prove that the 
chance that their sum is odd is +? 


6. In a throw with three dice what is the chance that the dice fall (i) all 
alike, (ii) two alike and the third different, (iii) all different ? 
Explain why the sum of these probabilities is unity, and verify the truth of 
this statement. 
[(ii) Any particular throw of this sort, as five-five-six, occurs in 3 cases, and 
there are 6. 5 throws of this kind.] 


7. What is the chance of throwing 10 in a single cast with three dice ? 


8. In a single cast with four dice what is the chance of throwing (i) two 
doublets, (ii) exactly 12, (iii) less than 12 ? 


9. How many times must a pair of dice be thrown that it may be at least an 
even chance that double six may occur at least once ? 


10. If four cards are drawn from a pack, what is the chance that they are ace, 
king, queen, knave (of the same or of aifferent suits) 7 


11. A letter is chosen at random out of ‘ assinine ’ and one is chosen at random 
out of ‘ assassin.” Show that the chance that the same letter is chosen on both 
occasions is }. 

[The number of possible cases is 7.8. Of these 14 are favourable. ] 


12. If the letters of ‘attempt’ are written down at random, find the chance 
that (i) all the ts are together, (ii) no two ts are together. 


13. A party of n men of whom 4, B are two, form single rank. What is the 
chance that (i) 4, B are next one another, (ii) that exactly m men are between 
them, (iii) that not more than m men are between them ? 


14. From a bag containing a balls, m balls are drawn simultaneously and 
replaced ; then n balls are drawn. Show that the chance that exactly r balls 
are common to the two drawings is C%Ch r/Ch. Prove also that this ex- 
pression is unaltered by interchanging m and. n. 

[Consider the second drawing. There are C$, possible cases. The favourable 


cases consist of selections of r balls out of the m already drawn, with selections 
° n-r out of a-m not already drawn.] 
: B.C.A. 
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15. A squad of 4n men form fours. Find the chance that two specified men 
are next one another in the same four. 


f 16.: If two squares are chosen at random on a chess board, show that 
` (i) the chance that they have a side common is 7y ; 
(ii) the chance that they have contact at a corner is iz. 


[(i) Out of 64x63 possible cases, the number of favourable cases is 
4,.24+24.3436.4.] 


17. One bag contains a white balls and b black balls; another contains a’ 
white and b’ black balls. 

Let p be the chance of drawing a white ball from a bag chosen at random, and 
let p’ be the chance of drawing a white ball from a bag containing (a+a’) white 
and (6+0’) black balls. 

Find p, p’, and show that p~-p’ according as a+b-—a’-b’ and ab’—a’b 
have the same or opposite signs. 


18. If 4’s chance of winning a single game against B is 3, find A’s chance of 
winning (i) two games (at least) out of the first three; (ii) four games (at least) 
out of the first six. 


19. A draws a card from a pack of n cards marked 1, 2, 3, ... n; the card is 
replaced in the pack and then 6 draws a card. Find the chance that A draws 
(i) the same card as B; (ii) a higher card than B; (iii) a lower card than B. 
Verify that the sum of these chances is unity. 


ieee ae n-- l 
For (ii), chance =- {--+—-+...+- ——}. 
uw a le” i] 
20. A bag contains n cards marked 1, 2, 3, ... n. If A is to draw all the cards 
in succession and is to receive 1 shilling for every card which comes out in its 
proper order, prove that his expectation is 1 shilling. 


a ee ian : 
[The expectation arising from each ball is = of a shilling, etc. The fact that 


the probabilities. on which the several expectations depend, are not independent 
does not affect the argument. ] 


21. A bag contains n tickets numbered 1, 2, 3, ... n. A person draws two tickets 
at once, and is to receive a number of shillings equal to the product of the numbers 
drawn. What is his expectation ? 


22. What is the chance that a hand of five cards contains (i) exactly two aces ; 
(ii) at least two aces ? 
[For (ii), number of favourable cases = O$ . C3° + C5. C1” +48.] 


23. lf Pi, Po, P3, pa are the probabilities of four independent events, find the 
chance that (i) two and not more than two of the events happen; (ii) at least 
two of the events happen. 


24. Two persons each make a single throw with a pair of dice. What is the 
chance that the throws are equal ? 


[I£ (wt+2?+...+2°)*=a,7?+4...+a,,7", then the chance=- 


seat’ F.t y3"): 


_ 7h 4 
and this is equal to {coefficient of x}? in ( ; A = }/36?.] 
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25. The decimal part of the logarithms of two numbers taken at random are 
found to seven places. What is the chance that the second can be subtracted 
from the first without ‘ borrowing’ ? 


26. In a game of whist, find the chance that each of the four players should 
have an honour : 
(i) if the card turned up is an honour ; 
(ii) if this card is not an honour ; 
(iii) before the last card is turned up. 


27. In a game of whist, find the chance that each party has two honours : 
(i) if the card turned up is an honour ; 
(ii) if this card is not an honour ; 
(iii) before the last card dealt is turned up. 


oe Out of n persons sitting at a round table, three, A, B, C, are chosen at 
random. Prove that the chance that no two of these three are sitting next one 
another is (n —4)(n ~ 5)/(n —1)(n — 2). 

[Relative to .1, B can sit in n--3 places. For 2 of them, C can sit in n-5 


places; for n-5 of them, C can sitin n-6 places. Hence, the number of 
favourable cases = 2(n — 54 + (n —5)(n ~ 6).] 


29. Three cards are drawn from a bag containing n cards marked 1, 2, 3, ...n. 
Find the chance that (i) the three cards form a sequence; (ii) they contain a 
sequence of two; (ili) they involve no sequence. 


30. In a set of tennis between A and B, the chance that the server wins a game 
is always p, the chance that he loses is g. ‘The score is five all, they proceed to 
play deuce and vantage games and A has the service. Denoting A’s chance of 
winning the set by x, show that x=pq+(p*+q?)x, whence it follows that A 
and B have equal chances of winning the set. 


31, A and B play with two dice on the condition that A wins if he throws 6 
before B throws 7 and B wins if he throws 7 before A throws 6. Show that A’s 
chance is to B’s chance as 30: 31. (Huyghens.) 


Ba Three players A, B, C of equal skill engage in a match consisting of a 
series of games in which A plays B, B plays C, C plays A, A plays B, and so on, 
in rotation. The player who first wins two consecutive games wins the match. 
Prove that the chances which A, B, C respectively have of winning the match 
are as 12: 20: 17. 


[First show that if A loses the first game, his chance of winning the match is4: 
if he wins the first game, his chance is 74. 


33. A bag contains 3 balls, and it is equally likely that 1, 2 or all of them are 
white. A ball is drawn and is found to be white. 


(i) What is the chance that this is the only white ball ? 
(ii) What is the chance that another drawing will give a white ball ? 


34. The same question as the last, except that each ball is as likely as not to 
be white. 


[Proceeding as in Ex. 1, p. 520, we see that Py, Pis Pos Pa are the terms in the 
expansion of ($+4)%. The rest proceeds as in Ex. 2, p. 520.] 
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35. A bag contains 5 balls, and it is not known how many of these are white. 
Two balls are drawn, and these are white. What is the chance that all are white ? 


36. The chances that A, B, C speak the truth are respectively p, p’, p”. What 
are the odds in favour of an event actually having happened which 


(i) all three assert to have happened ? 
(ii) A, B assert to have happened and C denies ? 


Geometrical 

37. The sides of a rectangle are chosen at random, each 
less than a given length a, all such lengths being equally z c 
likely. Show that the chance that the diagonal is less than 
a 18 7/4. M 

[Draw a square, OAC'B, whose side is a; and the arc AB. 
If ONPM is one of the rectangles, the favourable cases are 4 
when P lies in the quadrant OAB.] 


38. A floor is paved with rectangular bricks, each of length Fig. 88. 
a and breadth b. A circular disc of diameter c is thrown on 
the floor. Show that the chance that it falls entirely on one brick is 
(a —c)(b —c)/ab. 

39. A point P is taken at random in a straight line AB. Show that the chance 
that the greater of the parts AP, PB is at least k times the smaller is 2/(k +1). 


40, If two points are taken at random on the circumference of a circle, the 
chance that their distance apart is greater than the radius of the circle is $. 
[The unfavourable cases are represented by the thick arc in Fig. 89.] 


p’ / 
Fia. 89. Fic. 90. 


41. If three points, P, Q, R, are taken at random on the circumference of a 
circle, the chance that they do not lie on the same semicircle is 4. 
[Choose P. Choose Q on one semicircle on PP’; R must lie on P’Q’. (Fig. 90.) 


+c 
If PQ =s, number of favourable cases = sds=ic?; total number=ic.c, etc.] 


42. On a straight line AB of length a+b, two segments PQ, P’Q’, of lengths 
` a, b respectively, are measured at random. (i) If a>b, the chance that P’Q’ 
lies entirely within PQ is (a-6)/a. (ii) If c is less than.a or b, the chance that 
the common part of PQ, P’Q’ is less than c is c?/ab. 


(ii) Let AP=x. If LQ=c, MQ=zx, and P’Q’ 3 2 arse 
overlaps PQ towards B, P’ must lie in LM. Hence, A P LM O B 
the number of favourable cases =|°(c —x)dz= jc; Fic. 91. 


. total number of favourable cases=c?. Total number of cases=ab, etc.] 


CHAPTER XXXII 
CONTINUED FRACTIONS (2) 


EXPRESSION OF A QUADRATIC SURD AS A SIMPLE 
CONTINUED FRACTION 


1. Surds of the Form +(,/N+b,)/r,. From Ch. XXIV, 33, it 
follows that any simple recurring continued fraction is equal to a quadratic 
surd. In other words, its value is of the form +(,/N +06,)/7,, where N, bi, r} 
are positive integers, except that 6, may be zero, and N is not a perfect 
square. 

We shall prove that conversely any positive number of the form 


~(/N b,)/r 

can be expressed as a simple recurring continued fraction. 

In considering this theorem, it is to be observed that : 

(1) There is no loss of generality in assuming that N—b,? is divisible 
by r. 

For (JN -46,)/r,=(V Nr -+b,r,)/r2 and Nr? —(6,7r,)? is divisible by 
r, hence (,/N+6,)/r, can always be replaced by an expression of the 
same form for which the above condition holds. 


(i) We need only consider surds which are greater than unity. 
Forif N-6b,?=-+7,re, where r, is a positive integer, then 


It follows that every positive quadratic surd or its reciprocal is of one of 
four types considered in the next article. 


2. Types of Quadratic Surds. In every case it is assumed that 

(i) The surd in question is greater than unity. 

(11) N —6,? ts divisible by r). 

(A) The type (/N+6,)/r, where b?<N. This will be called the 
normal type, and is of special importance in the theory: it includes the 


forms /4/B and JN. 
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To express (,/N+b,)/r, as a simple continued fraction, we form the 
equations 


JN +b, JN -b _ To ` 
r =u T, ~ TN £8,” EEE SEE ( ) 

where a, is the integral part of (/N+6,)/r, and 
ba =a,r, — by, rro=N =b. bing oa eg tla hanes E EE (B) 


We shall first show that b}, r, are positive integers. 
Since a, is the integral part of (J/N +0,)/r,, 
GIN FO ATs. a A (C) 

and therefore R E E a E (D) 

If we suppose that 6,<0, it follows that J/N<r, but 0,</N, 
therefore b,<r, and consequently 6,<a,r,. This is contrary to the sup- 
position that b,<0. Hence b, is positive, and it is obviously an integer. 

Again, b, is a positive number less than J/N, therefore N —b,?>0, 
and consequently r, is positive. Further, we have 

N -b = N — (a,r; - 6,)? =N — 6? - r, (a,?r, — 20,04), 

and since N-6,? is divisible by r}, so also is N—6,2. Hence r, is a 
positive integer. Continuing the process, we form the equations 


Tay tt nat yt PTER EEE (E) 

for n=2, 3,... where a, is an integer such that 
da IN 20) Tire Oe Ng aaa (F) 
and Ora Os Cpe IN AUR ay A (G) 


leading to 
Neh oo, to 1 


By steps similar to the above, we can show that every a, b, r is a positive 
integer. For taking n=2, by the preceding (JN +6,)/r2>>1, therefore a, 
is a positive integer. Also N —6,* is divisible by rẹ. Reasoning as before, 
it will be seen that b, and r} are positive integers, and so for n=3, 4,5, ... . 

Finally, the fraction is periodic, for the nth complete quotient is 


(JN + bn)/tn, 
and for every n, b,<,/N, therefore r,=(b,+6,4;)/a,<2/N. 

Hence the fraction (,/N+6,)/r, cannot have more than 2N distinct 
values, and one of the complete quotients must occur again. From this 
stage, all the succeeding a’s recur and in the same order: the same is true 
for the b’s and r’s. Thus the continued fraction is periodic. 
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It will now be shown that in the process of expressing a positive quadratic 
surd of any other type as a simple continued fraction, a stage must occur at 
which the complete quotient is a surd of normal type. Whence it will follow 
that in every case the continued fraction is periodic. 

(B) The type (YN —b,)' where b2<N. Here the second complete 
quotient is a surd of normal type. 


age 


o L1 l l1 11 


For instance, ——— ——-~— =] ee ee ae 
ica Joi -T Selec hele 
x 
ve a 
ied V57-3 o oo -T 9, ison NEY +T 
(C) The form (b,+,/N)/r, where by >N. We form the equations 
Ce eg te bo +N ER fo 
fi fi b,—/N 
ba — JN ba — N 3 
are a Cr =a Tot JN + JN’ ake 
where @,, a... are the integral parts of the fractions on the left and, 
for every n, 
On ia a bn anns Trl nai = Ohad aN. 


As in (A), every 7 is an integer and every 0 is an Integer or zero, and by 
hypothesis 6, >/N. 
Suppose that bi, bz, ... 6, are all greater than JN ; then fi, fos... Ty 


are all positive, and 6,, ba... b,4, 18 a decreasing sequence of integers. 
Hence a stage must occur at which 


This being so, n cannot be even ; for in that case we should have 

bn -JN >ayP ns 
and therefore b,,,>>,/N. 

Hence n ts odd, and ba +,/N>>a,r,. Consequently JN +6,,,>0; and 
since also JN —6,,,>>0, it follows that N —62,,>0, and therefore r 
is negative. 

Now (n+1) being even, the (n+1)th complete quotient may be 
written 


n+1 


(/N - Onsa)/(- Tag) 


and since 02,,<N, this or the next quotient is a surd of normal type 
n+1 , yI 
according as b,a 250. 


(D) The type (b,-J/N)/r, where b?œN. Here the second complete 
quotient is a surd of type (C). 
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3. Theorem. Let the surd (YN +b)/r be expressed as a simple recurr- 
ing fraction, then (i) of b<./N<b+r, the fraction has no acyclic part; 
(ui) af JN >b+r, it has an acyclic part consisting of a single quotient ; 
(ii) of b> /N, ü has an acyclic part of one or more quotients. 

For if x=(/N+)/r, then (rxa—b)?=N and the second root of this 
quadratic is (—,/N+b)/r; hence, from Chap. XXIV, 33, it follows that 
(1) of -1<(-./N+6)/r<0, the fraction has no acyclic part and these 
conditions are equivalent to b<./N<b+r; (i) of (-JN+))/r< -1, 
that is, if /N>b+7, the acyclic part consists of a single quotient; and 
(i) of (—/N+b)/r>0, that is, if b>,/N, the acyclic part contains one 
or more quotients. 

In particular, of A>B, the simple continued fraction equivalent to 


/A/B has a single non-recurring quotient. 


4. Method of Reckoning. In practice we replace the written 
work involving surds by an easy mental process, as in the next example. 


Gx. 1. Express (./37+8)/9 as a simple continued fraction. 
Here a,--integral part of the surd=1, also b =8, r,=9. The various quantities 
are now found in succession from the equations 


by = An Tp -17 bn -1° n= (N a Un )Tn -1> an= integral part of (VN + Ont 


giving the table: n ] 2 3 4 5 6 
b 8 1: 3 4 5: 3 
r 9 | 3 4: 7 
a 1l 1; 1 3 2i 1 
The reckoning, if continued, is a repetition of tho part between the dotted lines, and 
/37 +8 sia 1 1 1l . 1l 
9 14131434 24°77 
* * 


Norre. The third complete quotient, (./37+3)/7, marks the beginning of the 
recurring period, for 3<./37<3+7. It will be shown in the last article of this 
chapter that, from this stage, the above reckoning can be replaced by a G.C.M. process. 


5. /A/B as a Continued Fraction. 
(1) It is supposed that A, B are positive integers and that A>B. We 


a 
have ot eea , where N=AB, b,=0, 7,=B. The surd is 
1 


therefore of the type discussed in Art. 3, and it is expressed as a simple 
continued fraction by constructing equations of the type 
JN + by _ JIN - Baa 


T 
Ap +H 4 =a, H = tt 


a a Niba’ for values of n=1, 2, 3, ...; 
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where a,, is an integer such that a,<(./N +,)/r,<a,+1, 


and Ona =FnTn bo Tang =N — 3,4, 
: A N ] 1 
leading to of a a 
B rf dat apt 


As in Art. 2, every a, b and r is a positive integer and the continued 
fraction is periodic. Also, it has been shown in Art. 3 that a, is the only 
non-recurring quotient. 


(2) The following inequalities are required. Every complete quotient 


is greater than 1, therefore JN +bp> ftp soeseeesessersssessrerroriseresee: (A) 
Also fa =(N -b)n = (SN — bn) (SN + 5n)/1n > JN — bn, therefore 
JIN Dat e a (B) 


Again, if nœl, the continued fraction equivalent to (/N+6,)/r, has 
no acyclic part, therefore, as in Art. 3, 0,<,/N<b,+7, (nÈ 2)... (C) 


For any suffix m, b,,<,/N, hence from (B) and (C), 


b= 0, Fg: and bm—On<Tn (1È) occse (D) 
(3) The Cycle of Quotients. Let c be the number of elements in the 
cycle, then IN 11 1 
VO — ly = -——_ ; 
Tı la + As + A +1 


Now /N/r,—a, is a root of r? (x+a,)?=N, the other root of this 
equation being —,/N/r,;-—a,. Therefore by Ch. XXIV, 31, 


hal +@, = aey + : : : 
Ome, anal 2) CaaS sit 
* * 
1 l 1 1 1 l 
Hence a,,,+-—-...--- — ... = 2a, + weg ey 
det ditta Ag+ — Qei + Ant 
and therefore Aoi = 201, e= l Ae =A, etc. 


Summary. It has been shown that /A/B can be expressed as a simple 
recurring fraction in which (i) there is a single non-recurring element, a, ; 
(ii) the last partial quotient of the cycle is 2a, ; (iii) for the rest of the cycle, the 
partial quotients equidistant from the beginning and end are equal. 


All this may be expressed by writing 


mi JN 1 1 I 1 1 
Sg he a eS 
Bon, Ag+ Ag+ Ag+ Ag+ 2a, + 

* * 


and we shall call the sequence, dg, az, ... @3, dy, the reciprocal part of the 
cycle of quotients. 
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(4) The b and r Cycles. Let c be the number of elements in the 
cycle, so that JN 1 l 
AOE = k TOOT ee . 
i Aat Qey 

* * 


The recurrence is due to the fact that the second complete quotient 
appears again as the (c+2)th. From this stage all the complete quotients 
recur in the same order; hence, (J/N +beim)/Tem =(VN +bm)/Tm 
and therefore b.4m= 0m and Toim="m for m>2. 

Remembering that a,,,=2@,, Q,_m=4,m for m=O, 1, 2,..., we have 
Tes = (N - b34-2)/Te+2 =(N - by”) /e =f; Te=(N—- bt 1)/esa =(N — b) r= 1; 

beti = Fer iPeri — Do4 = 2017; — bg = bg, De = Ache — be41 = Mae — ba = by, 
and so on. 

Hence, (i) the cycle of b’s is ba, bs, ... bo. and is reciprocal, t.e. bapi = bo, 
b,=6,, etc. ; (ii) the cycle of r’s is fi, To, ... Te, and is reciprocal after the 
first term, i.e. To=fT, To =fz, ete. 

The character of the recurrence and the reciprocity of the three 


sequences is exhibited below, where the recurring periods are enclosed in 


brackets. 1 9 3 c ctl c+2, 


b, [by b}... bg b] bs, 
Wh. Fe. Tawet] fi io 
A, [a> Ay... do 2a,] ao 
It should be noticed that the a and b cycles correspond, and the reciprocal 
parts of the a and r cycles correspond. 


(5) Calculation of the Quotients. In finding the values of bp, fn, am 
of we can tell when the middle of the b cycle has been reached, no further 
calculation is necessary. This matter is settled by the following theorem. 

If bms ms am are respectively equal to by44, Tns Gn, then bm and 6,,, 
are equidistant from the ends of the b cycle. 

For Tny = (N — boy) tn =(N -bm tn =P m-1- 

Also Gm —im—1 = Om-1t+ 0m ad datan = Ona + Ons: 

Subtracting and using the hypothesis, we find that 


amt Eg Anaad = (bmi B b,, da come Pe ee er ee a ee ee ee (A) 


Now by the inequalities in (2), (D), both (6, 1—-0n40)/Tn4, and 
(bango ~ Om—1)/Tm--1 are less than unity. Therefore the right-hand side of (A) is 
numerically less than unity, and consequently a,,_,=@,4, and Omi ™ bno 

We can show by a similar argument that b 
tively equal to 6,145, Tn42. @n42, and so on. 


m-2 'm-2 m- are respec- 
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Putting m=n and m=n+1 in succession, we have the following : 


(i) If two consecutive b's, namely bm and by 1, are equal, then Tm and am 
are the mid-terms of the reciprocal parts of the r and a cycles. In this case 
C 18 even. 


(ii) If fTh=Tn4, and a,=a4,,, (so that two consecutive r’s are equal and 
likewise the corresponding a’s), then Tu, Tn4, and Gp, Qng are the mid- 
terms of the reciprocal parts of the r and a cycles, and b,,, 1s the mid-term of 
the b cycle. In this case c is odd. 


Ex. 1. Express ./+}¢ and ./61 as simple continued fractions. 


(i) 1E Hence N =187, r,=11, a,=1, and proceeding as in Art. 4, 


we construct the following table by a mental process : 


b 0 fll 123 1 HNH 
r [ll 6 3 2 
a 1 [4 8 1 8 4 2). 


Because 6,=6,;=11, therefore a, is the mid-term of the reciprocal part of the 
a cycle. This cycle can therefore be completed, for its last term is 2a,=2, thus 
fea ee OEE 
1] 44+ 8+1+8+4+ 2° 
% 


(ii) For ./61 we have r,=1, a,=7 and the b, r, a, table is 
b 0 [7 5 7 5 4 6 
r [1 12 3 4 9 5 5 


my 


a i [1 4 3 ] 2 2 ] 3 4 l 14]. 


Seeing that ag=a, and r,=7r,, we conclude that a,, a, are the mid-terms of the 
reciprocal part of the a cycle. Also the last quotient of the cycle is 14. 


Therefore J6l=7+-} 1 l 14241 1 1 1 1 1 


] 
1444+ 341424 241434 4414 14° 
* y% 


= o oaea mer nuam m m e i a 


(6) Relations connecting the p’s and q’s. Suppose that 


J3- e : 
Bor, ar ar ? 
where N=AB, 7,=8; and let p,/q, be the rth convergent, then 
N l Y 
ae ds : a where gan Oi 
ri o+ Antz Padi 
therefore JN _ Pnt Pn- _ (VN + Ons) Pat nsiPn—1 
ry In + Ini (SN + On 43) Qn + n41In—1 
and 


IN (Nan + On4i9n F Tn419n-1) i TSN Pn + On4iPn pa Ta4iPn—1): 
Kiquating rational and irrational parts, 


Nan =f (bn+1Pn + Tis Prea) Pn = bnti Qn tTn+iln-r 
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Solving for 6,,, and r,,, and putting N=AB and r,=B, we find 
that 

Alaia Bp Deg = (= 1 Oni eee (A) 

Bp SAG SAD heee (B) 


(7) Integral Solutions of Bx?—Ay?=M. If for some value of n it 
happens that (-1)"7,,,=M, then, by equation (B), (Pans qn) 1s a solution 
of Bzr? - Ay =M. 


Ex. 1. Find two positive integral solutions of llr? - 17y? =3. 
Expressing Egi as a continued fraction (§ (5), Ex. 1), we find that r, =r; =3. Also 
Paid =5/4, Py/qq = 46/37, and therefore (5, 4), (46, 37) are solutions. 


6. J/N as a Continued Fraction. (1) Here r,=1 and all the 
conclusions of the last article hold. Additional theorems are the following. 


(i) In the cycle of r's, one member and only one is equal to 1, namely r. 
For suppose that 7,,=1, then, remembering that 6,=a, and using the 


paueuont m'm Om a bmi lm m+ = Na bmt 


we have a,,=Integral part of (YN + by)/1%m= 41+ Om = bo + bm- 
Also am=bm+Om41ı therefore 0,,,,;=6, and 
Tmi =N -bmp =N — bP =r T= Tra : 

Therefore (JN +-bmi1)/fm1= (VN + 55)/re, and fm=1 marks the 
beginning of a new cycle of r’s. 

(i1) If rp =œ=2, then a,<b,. For in this case n>1 and /N<b,+71,, 
so that An < (SN + by)/%_<(20n +rn)/fn <br +1<bp. 

(ii) If ra=2, the number (c) of elements in the cycle belonging to JN is 
even. Also a, ts the mid-term of the reciprocal part of the ‘a’ cycle, and 
a,=a@, or a,-—l. 

For a, is the integral part of J/N and ,/N>b,, therefore a= b,n. 
Also a, is the integral part of (a,+0,)/r,, and soif r,=2 we have 

Ay > (a,+6,)/2-1>6, -1 >b. 

But by the preceding, a,<b,, therefore a,=6,. Also 2a,=6,+6 
therefore 6, =b,,,. 

Hence by § (5), (i), ¢ is even and a, is the mid-term of the reciprocal 
part of the a cycle. Finally a, is the integral part of (a,+4a,)/2, so that 
Ay, =(A,+4,)/2 or (a,+a4,-—1)/2, and therefore a,=a, or a -—1. 


n+]? 


(2) Equations (A) and (B) at the top of the page become 


Nina Palaa = Togas aoao (A) 
DPS INGE. ae Oras a (B) 
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(3) Integral Solutions of x?—-Ny?=M. If, for some value of n, it is 
found that (—1)"7,,,=M, then (Pns qn) 18 a solution of 2?-Ny?=M. 

In particular, if c is the number of elements in the cycle belonging to 
JN, the necessary and sufficient condition that 7,,, may be equal to 1 
is that n=tc where t=1, 2, 3,...; hence, it follows that 


(i) for the equation x?- Ny*?=1, solutions are (Pies qto) When c is even 
and: (Pores Yorc) When c is odd ; 


(ii) for the equation x? -~- Ny?= —1, solutions are {Prote Ket-ye) When 
cis odd; the method giving no solution when c is even. 


Ex. 1. Find a positive integral solution of x? -13y?.- -1. 


I 1 1 11 
We find that N13 =3 a I4 T+ i+ 6? 
x * 


so that c=5. Also p,=18, ¢g,;=5 and (18,5) is a solution. 


(4) Calculation of Convergents. The following formulae are useful in 
this connection. If we multiply equations (A), (B) firstly by qn and 
Qn-y and secondly by p, and p,_,, we obtain by addition 


Pn =f n+1]n- t On419n and Nq,, =n Pr- t bn+1Pn cnn’ asin (C) 
Again, changing n into n—1 in equation (B) and using equation (A), 
we find that Pn—-1 = Tndn T Onyan- and Ngana F TaPn ai On 11 Pn—1 s ..(D) 


In general, the p’s are considerably larger than the q’s, and to find 
Pn/qn we need only calculate the q’s and then use the first of equations (C). 


(5) The Convergent p,/q,. (i) If m+n=c, where c is the number of 
elements in the cycle belonging to JN, then 


Pe=PmInsit Pm—-19n ANA Jo=YmIngrt Im-1]n ete (E) 
For Pe Ji il 
J. Mra eee 


eee Bag pa n -o 
m+2 + ae Ant an-1 t do ln 
Pe SPm + Pm- __PmInyı t Pm—19n 
de Salm + m-i miny + Imin 
If X is the numerator and Y the denominator of the last fraction, 
Xm rap YDm =(— 1) "dn and Xam- a Y Pm-1 =(-1)™Gn41- 
Hence any common factor of X and Y isa factor of g, and of qy,,, 
and since these numbers are prime to one another, so also are X and Y. 


Thus the fractions p,/g, and X/Y are in their lowest terms, and therefore 
p,=X and q= Y, which are the results in question. 


where f=ay4,+ 7 


therefore 
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(ii) In particular, if c is odd and n=4(c-1), 


Pe~ Pata Palisade. “and: = Eiopas shies (F) 

If c is even and n=4e, 
Pe = Pnn Pnn and g.=n(naitInoy): eeen (G) 

(111) If m+n=c, then 
Pr IAN gaa = Pa AN n OFIN Ge) siaii (H) 


which is equivalent to the two equations 


PmPe- NOmgo=(— 1)" Pns PmYo~ YnPe= (Une veveeereee (I) 
For using equations (E), Pme — ImPe = (PmIm—1 = ImPm—1) {n= 5 1)" On: 
Also we have the identity 
(PmPc E Namie) a N (Pml a ImPc) g (Pm = Nim) (Pe E Nq). 
Now Pm > Nga = ( a 1) rm4 m ~ NO) m ( = Lra > 
and, since m+n=c, we have fm41=fn+]; and therefore 
a a Nq,? ( ae 1) (Pm = Naum) = (Pm i Nam?) (Pe = Nge): 
Hence (PmPe g Nanalo = Pr 
It remains to consider the sign of PmPe—Nqmle- 


The convergent Pm/qm precedes p,/q,. First suppose that c is even. 
If m is even, YN< Pelle Pm/]m nd PmPe>Namle If m is odd, it 
follows from Ch. XXIV, 25, that PmPpe< Nqmqe The same results follow 
in a similar way when c is odd, and thus pmpe—Nmfe=(—1)™pp- 

It should be noticed that these results hold if c is replaced by te. 


(iv) Lf N is a prime and c is even and n= ec, then 
Peta N Ge Dn) IN Oa Vr wicca ecetes aoe (J) 
which rs equivalent to p,=3(Pp 2+ Nq) and qe=PnYn- 


Also p,?~Nq,=(-1)".2, and the mid-term of the reciprocal part of the 
a cycle is a, or a,—1. 


For by equations (1), PnPe— Nande j ( A 1)"p,, and PnIe— InPce= ( n Lan» 


therefore Pu P PING) ia aaa (K) 
2 Ng 2 2 /p 2 l 2_ No2 9 

and =a =(f) -N=-;; hence De tn) ie 
“Pn Vn Tc Tc Pnin Tc 


the sign being determined hy the fact that p, = /Nq,, according as n is 
even or odd. Since N is a prime and p, is prime to q,, the last fraction 
is in its lowest terms. Hence p,?—Nq,2=(-—1)".2 or (-1)", and the 
latter alternative is impossible. 
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Therefore pr —-Nq,2=(-1)".2 and qe=Pnin 
Hence, 7,,,;=2; and the rest follows by § (1), (i11), p. 534. 


Note. When N is not a prime, p, and q, may be found by using equation (K) 
and noting that p,/q, is in its lowest terms. 
1 1 1 1 l 
9 E a a 
Thus we find that gals ee ee ere aa 
* * 
so that for /21, c=6, »,=9, q,=2, and 
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AT , and therefore pg:=55, g,=12. 
6 e . 


(6) The Convergent p,,41/Gnitce (i) Uf Pan/qn 1s the n-th convergent of 
l 1 1l 
N= 5—--—.. 
ASNE a+ ` 2a} + do + 
and c is the number of quotients in the cycle, then 


Pnate = PnPte + Nqanlic and In+te=PnIte F InPte eee (L) 
For the (tc+1)th quotient is 2a, and the corresponding complete 
quotient is a,+,/N, therefore 


JN (21 +N) Pec + Peet 


(a, +./N) dict Vte-1 


Removing fractions and equating rational and irrational parts, we have 


AP t Poea Ngae ANA tilre + Ate = Dice eiia (M) 
Again, 
1 1 1 1 1 l 
Pase apla o daaa, 
In+-te Ag+ 2; + Ag+ Ay az+ — Ay + Pn/Fn 


the last quotient being the (tc+1)th. From this, by means of equations 
(I), 


Pn+te ee (a, + Pnl Qn) Pre + Pte~1 __ PrP te i Nan Qe 
nte ; (a, + Dn/ In) Ite + Vtc—1 Pte + InP tc ) 
If X is the numerator and Y the denominator of the last fraction, 
Pic E Ndie Y = Pn (Pee + Nqi¢") and Pte re dicX =n (Pte = Nq’). 
Now Pie- Nay" = 1, by (5), (11), therefore any common factor of X 
and Y divides p, and qa, which are prime to one another. Hence X/Y is 
in its lowest terms: so also iS Pyite/Gnate. Therefore Pnpte= X, Qnate= Y, 
which are the equations in question. 
As a special case we have 


P(s+t)e =PscP te + NascQte and VUs+t)e =PrscIte + UscPtes sserereee (N) 
in particular, Dote= Pree t+ Nac? ANd Gore = WDicPige ernetako (0) 
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(ii) Since ./N is irrational, equations (L) are equivalent to the single 


relation Paste tl Nante = (Pn tJ/N Gn) (Pte +N Gee). 


Putting t=1 and n=c, 2c, 3c, ... in succession, we find that 


Poe +I Ngae = (Pe + /N4e), Pse +V Ngge = (Pe + VN 4e)? eee) 
and generally, for every positive t, Pie tJ/NQic= (Pet JNQe)* 5 oeeeen (P) 


and therefore Puate YN inate = (Pn tJN Gn) (Pe SANG) eeen (Q) 


Ex. 1.* Find a solution in positive integers of x? —-6ly?=1. 
In Ex. 1, p. 533, ./61 is expressed as a continued fraction, the number of quotients 
in the cycle being 11. Hence the smallest solution of the equation in question is 


(Paz 122) The mid-elements of the cycle are the 5th and 6th, and p,=164, g,=21, 
Pe == 453, gg=58. Hence by equations (F), 


Pir = P55 t+ Pole = 164 . 21 +453 .58=29718, qu =q? +q = 21? +58? = 3805. 
Using equations (O) and observing that p? -61q,,2= —1, 
Paa = P11? + 61q,,? = 2p,;7 + 1 = 1766319049, Gag = 214911 = 226153980. 
Thus the least solution is (1766319049, 226153980). 


7. The Cycle belonging to z=(./N+b)/r. Suppose that 
z>l, b<J/N<b+r, N-b=rr, 
where r’ is a positive integer, then the simple continued fraction corre- 


sponding to z has no acyclic part (Art. 3), and the cycle can be calculated 
as follows. 


Rule. Let (x,y) be a solution in positive integers of any one of the 
equations r?—-Ny?= +41 or +4, 
the latter pair being used only when r, r’ are both even and N, b are odd. 
Substitute x/y for JN in the gwen surd. Express the result as a simple 
continued fraction with an even or an odd number of quotients according as 
the sign on the right of the chosen equation is + or —. This fraction consists 
of one or more of the cycles belonging to (JN +6)/r. 

Proof. Since N =6b?+rr’, the surd (YN +b)/r is the positive root of 

TOPS ESE SO). wath E E E (B) 

(1) We shall prove that this equation can be written in the form 

z=(pz+p’)/(qz+q'), where p, q, p’, q are positive integers ...... (C) 


such that peg ~—Pg=tl and Pg. ceaiin iia (D) 
For equation (C) is the same as gz? —(p-—q’)z—-p’=0, which is identical 
with (B) if qer Pag S2by;. DP Lat yy convinces (E) 


where y may be any rational. 


* This problem was set by Fermat as a challenge to the English mathematicians of his time. 
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From (D), (E) we have (p +g P= Ny lst, oo ccc eee eee (F) 
where x is rational. All possible cases are included in the following : 
(A) x, y are positive integers such that z? -— Ny? = +1. 
(B) x=Æ£/2, y=n/2 where £, ņ are odd integers such that £- Ny? = 4. 
In case (B), r, r’ are both even, for q= ry, p'=r'y. Hence N -b° is 
divisible by 4, and if N is odd so also is b. 
In both cases, from (E) and (F), we find that 
pEr t o: YF SEA DY: scare EN (G) 
and DOS (GY) E T (H) 
It remains to be shown that q’<q. This will be soif z/yxb+r. 
Three cases must be considered : 
(i) Lf x? - Ny? = —1 or È — Nn? = —4, then 
aly</N<b+r and <q. 
(u) Lf 22-Ny?=1, the least value of y is 1, and 
r fyt = N+ /yrz<N +1. 
Now N<(b+r)*, therefore N<(b+r)?—1. Hence 
slyx/N+1<b+r and (E 
(ili) If x=£/2, y=n/2 where &—Nv?=4, the least value of y Is 1 and 
rly N +4. 
Let N=(b+r)?—k so that k is a positive integer, then rr’ =r(2b+r)— k 


where r, r' are even. Therefore k is divisible by 4, and 4 is its least value. 


Hence ofysNVN+4<b+r and gq. 


(2) It follows that if p ] 


where n is even or odd according as pq -p'q=1 or —1, then p'/g is 
the convergent immediately preceding p/q. (Ch. XXIV, 12.) Now let z 
be determined by 1 11 
eee. 
then AS UME ec i 
g +g gtg 

Hence z'=z and the fraction (I) consists of one or more of the cycles 
belonging to z. 


The rule can be used (as in Ex. 2) to express any quadratic surd as a 


continued fraction, beginning at the stage where recurrence commences. 
2 M B.C.A. 
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Ex. 1. Express (/621+21)/18 as a simple continued fraction. 
Since 21<,./621<21+418, there is no acyclic part. Also 18r’=621 —21*=180, 
giving r= 10. 
Thus 7, 7’ are even and b is odd, also 
25? — 621. P =4. 


Using the rule, we substitute 25/1 for ./621 in the given surd, and express the 
result as a simple continued fraction with an even number of quotients, thus 


+21 23 , 1 11 

Sa, Shee ae +t ea 7a 

is 9 I+ 1+4 

TE E 

ai ig ee ee 
* * 


Ex. 2. Express (/13-+-7)/4 as a simple continued fraction. 


p~ 


Since 7>Ẹ413, there is an acyclic part. The reckoning on the right b6| 7, 1 
shows that the second complete quotient is (,/18+1)/3, and since r|4, 3 
1<./13<<1 ; 3, we can apply the rule. We have a |2, 1 


3?7—-13.1%=-4 and 18?-13.5?= -1. 


Since r=3, an odd number, the first equation is useless. Taking the second, we 
substitute 18/5 for V13 in (V13 +1)/3, and express the result as a simple continued 
fraction with an odd number of quotients, thus 


ra 


5 3°15 1+ 1 1 
This is the cycle belonging to the given surd, and 
VIB+7 o 1 1 1 11 
4 —— lẹl+l+6+l’ 
* * 


EXERCISE LVI 


1. Verify some of the following results, where the values of b, r, a are given 
as far as the middle of the first cycle : 


b.0.3.1.2 b.0.4.2.3.3 
(i) re aria ae (ii) JI92 r.1.3.5.2.5 
a.3.1.1.1 Sa: ee Aa HES ED | 
EENE E b.0.6.1.5.4.5.5 
(iii) VBL 27.1.6.5.3.2.3 iv jis 1.7.6.3.9.2.9 
a.5.1.1.3.5.3 La.6.1.1.3.1.5.1 
b.0. 9.1.8. 7.7 
(v) /914 r.1.10.9.3.14.3 
G30 11s 3s 18 
b. 0.10.8. 7.5.9. 7.8.10 
(vi) /1092 r. 1. 9.5.12.7.4.15.3. 3 
a.10. 2.3. 1.2.4. 1.6. 6 
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= [6.0.a.a4 a b. O . a-il . a~l 
(vii) vengr E S E | (viii) Va? -1l É . | .2(a-1). l 
d.a. 2a. 2a a.a—l. 1 .2(a-1) 


b.0.a. a i? 0 a-l.a-2.a-2 
(ix) Va? + af | re ee | (x) Va2?-257. 1 .2a-3. 2 .2a-3 
a.a.a.2a a.a-l]. 1 a-2., 1 
(a>2) 


b.0. a .a-2, 
i WEA ra 4 . a 
a.a.%(a-J). 1 
(a>1 and odd) 
b. O .a4+1. a-2 .a. a 
(xiii) Va(at4)4r. 1 .24-1. 4 wa. 4 (a> 1 and odd) 
a.a+l. 1 .3(a—-1).2.3(a-]) 


b.0.a.a 
(xi) Va(a4+1)< r.1l.a.1 
a.a.2.2a 


mt Q to 


2. In certain cases, a solution of one of the equations 2°- Ny?=:-| 1 or 44 
can be written down at once; thus 
if N-=a?-tl, then at- NL FEl; 
if N=a?42, then (a?-+1) —-Na?--1; 
if N=a(a+1), then (2a+1)?-N.2°=1; 
if N=a*+4, then a? --N . l?o 4. 
Apply this to write down the integral solutions of 2?- Vy*=1 when 
N =51, 47, 56. 


3. Find a solution of 2?—-109y?= —4, and apply the H.c.F. process to show 
that 
/109 +7 ae | 1 1 1 11 
10 —  1+2+1+9+1+2 
* % 
4, Obtain the following 
a MI7+ 15 1} 1 11 no Y61 4-7 l 1 
ka a AEE b = Ci a ie 
G) 8 2a da 14+ 3° Hea oen 
* * * * 
si 1 l 1 11 J19+1 l 1 1 11 
N E T E E ae a AB ee Se eae 
Ong a aha Te eee: "SOE Loy o? 
% * * * 
17 i l1 1 1 11 
a o ae 
3 ak Te eE 2 +4 
x 


5. Find two positive integral solutions of 
(i) 52? ~ 13y?==7, (ii) 5x? - l3dy?= —7%, (ii) 3x? — 17y?=7. 


6. Find positive integral solutions of z?-62ly?=4 and of 2? - 621ly?-=1. 
Referring to Art. 7, verify that if 623/25 and 7775/312 are substituted for ./621 


in the fraction (./621+21)/18, the first gives two cycles and the second three 
cycles of the fraction. 
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7. If N=(2m+3)?—4, prove that 
VN+2m-1 n 1 l 1l l 1 
4 24 m+ 14+ 4(mel)4+ l’ 
* * 


8. Ifa is odd, find a positive integral solution of 
(i) z?-(a?+4)y2=a; (i) x? -— (a? + 4) = -a. 


9. Prove that r,<2a,, and that if r,=2a,, then a,=1 and a, is the mid- 
term of the reciprocal part of the a cycle. 
Show also that if N is an odd prime and r„=2a,, then N must be equal to 3. 
[If r,=2a,, a,<(/V+6,)/7,<1, therefore 6,+6, ,,=4,7,= 2a, so that 
ba =6,,,; Hence a, is the mid-term of the reciprocal part of the a cycle. If N 


is an odd prime, we must have a,=a, or a,- 1. 
Hence a= 1 or 2, and N =3, 5,7. On trial it is found that N =3.] 


10. If r,=7rn.,=4, then a,=a,,,=1, so that a,, a,,, are the mid-terms 
of the reciprocal part of the a cycle. 

[a,=1(a,+56,)/a,+1 or 2, according as b,a, or 6,=a,. If bp =a, 
bn = 2a, -6,=-a,, so that b =bn, This is impossible. Hence a,=1 and 
An yy=1 (a, 4+ by ,y)/4,=1.] 

11. If a, is an odd prime, or a power of such a number, and r =a, then 
ea 

[For farni N -bhris Tn-itn =N —6,2, therefore b, and 6,,, are solutions 
of x?=N (mod a,), and since each <a, and a, isan odd prime, b +6, ,,=4a, 
therefore a, =(6, HOn i1) / n= a/a =1.] 

12. If, after a certain stage, the simple continued fractions which are equivalent 
to two irrationals z and z’ are identical, prove that 

2’=(pz+p’)/(qz+q’) where pq’~p’q= +1 
where p, p’, 9, q’ are integers. Show also that the converse is true. 


13. If the number (c) of elements in the cycle belonging to vN is even, 
(i) prove that Pejelqej2=(Pe:1)/qe according as ¢ is or is not divisible by 4. 


(ii) By taking N =21, illustrate the fact that equations (J) of Art. 6, (5), (iv), 
are not necessarily truc unless N is a prime, and verify the equations for N =19. 


14. If the number (c) of elements in the cycle belonging to ~N is odd: 


(i) Prove that N is the sum of two squares which are prime to one another. 
Also, by taking  =:205, show that the converse of this is not generally true. 


(ii) If m=3(c-1) and n=}(c+1), prove that 
Pm? EPa =N (qm? + An’) = Ndo 
Pm + Nim = (22 mImP¢ + 1)/4s 
Dm? = Nam? = (PmIn + DnIm)/Te> 
and verify when N = 29. 
[(i) N is a factor of p.24+1.] 
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1. Show that the product of any two numbers, as 19 and 35, can be found as 
on the right.* In the left-hand column, each number is the 19 


2 
quotient when the preceding number is divided by 2. Any 9 
remainders are disregarded. In the right-hand column, 4 | #e 
each number is twice the preceding. 2 | 286 
The numbers 140 and 280 which are opposite even numbers 1 | 560 
on the left are crossed out, and the sum of the other numbers 19 x 35 =665 


on the right is 19 x 35. 
[The reckoning shows that 


19 x 35 =(1 +2 +22. 0+2. 042435 =35 +70 +560.] 


2. Show that n3 is the sum of n consecutive odd numbers, and find the middle 
or the two middle numbers. 


3. Take any sum of money less than £12, say £9 8s. 7d. Reverse the order 
of pence and pounds, obtaining £7 8s. 9d. The difference between these sums is 
¥1 19s. 10d. Reversing the order of pence and pounds, we obtain £10 19s. Id. 
Adding the last two sums, we have £12 18s. lld. Prove that the result will be 
the same whatever sum less than £12 is chosen. 


4. If a/b is a proper fraction and q,, qz, -Qa are the quotients and 


Tis T% =. Tp the remainders when b is divided by a, fis ro, .-. Tn_y, respectively, 
show that a 
„a 1l ] ] l 
(=== + -ma H(A a | + Ry 
> Ò Q Qal 1924s Q172 +++ In 
1 r 
where R,=(-1)" ----——_- :-*. 
‘ HY In D 
(ii) For some value of n, R,,==0, so that a/b can always be expressed in the 
form l l 1 1 
page 
where p, q, ... are positive integers, their number being finite. 
(iii) Express in this way $f and 23 


5. Prove that a+6+c+d and a-+6-—c-d are factors of 
2(a4+64+c4+d‘) — (a? +b? +c? + d?)? + 8abcd, 
and find the remaining factors. 


re 
2+2/  24+5° 


6. Solve ‘ 


7. If x, y, z are real, prove that 
(x? + y? + 27)/ (yz +24 + ry) 
cannot lie between l and — 2. 
8. (i) Find the simplest equation with integral coefficients which has 
-VE+v and -y4 
among its roots. What are the other roots of the equation ? 
(ii) Prove that 4(2?+4 a 4+1) -27x (x +1)? =(x — 1) (2x +1) (x+2}). 


*Known as the Russian peasants’ method of multiplication. 
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9. If e+y+z=2?+4?+2?=2, show that 
x(1—a)?=y(1-y)?=2(1 = 2}? 


10. If a+b+c-+d=0 and z-+y iz 1+t=0, prove that the results of rationalis- 
ing the equations 


Nax+Nby+Nez+Ndt--0,  Nba+Nay+Ndz+Net=0, 
are equivalent. State the two other equations which lead to equivalent results. 
11. Find the equation whose roots are given by 


Y= 2, — £2 +(x2+",2+2,7), (=l, 2, 3), 
where £i, £a, 2; are the roots of x? —2?+4--0. 


12. Solve the equation 
Ox’ — 3r? + 8r? -414+2=-0, 
being given that it has a pair of roots whose sum is zero. 


B eie be ooi d o and a4-b +c -d=0, prove that 


x-mdl x-mo rtmb x+ma 

the only finite value of x is m(ac + bd)/(a+ 6). 

14. If (ca’--ac’)?< 4(ab’ ~a’b)(be’ - b'c), prove that b?è>ac and biac’. 

15. Ifa<b<c<d, and a—c<b—d, the roots of 

(1 —a)(x -c)=k(x -b)(x-—d) 

are real for all values of k. 

16. If l+m-+n=0, show that the expression 

a?l 4-b?m2 + en? — 2bemn — 2canl — 2ablm 

is positive if abe(a+b+c) is positive. 

17. Show that the expression (cx — az)? --(ay—bx)(bz—cy) is the product of 
two linear functions of x, y, z, and that, when a, b, ¢ are real, the coefficients in 
the linear functions are real if b? > 4ac. 

18. If the cubic derived from the equation 

a b c d 
ae oes 4- = 
x+a x+b x+c x+d 


has a pair of equal roots, then either one of the numbers a, b is equal to one of 
the numbers c, d or 


EE esl 
abc 
19. Express in factors 
(bc — a?) (ca — b?) + (ca — b?) (ab — c?) + (ab — c?) (be — a?). 
20. Show that if a, b, c are real, the roots of 


l/(x+a)+1/(x-+b)+1/(x+c)=3/zx 
are real. 


21. Eliminate x, y, z from the equations : 
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22. Prove that 10" - (5+ v17)” — (5-17) is divisible by 2"+1. 


23. (a) Solve (x ~1)34 (a —2)8 +(x ~3)3 +... +(e —n)?=0. 
(b) If x, y, z are unequal and 
(x —1)(y-2)=(y — I)(2-2) =(z— 1) (x - 2), 
show that each product is equal to -1 and that 
y2+2x+uy-3(x+y+z)+9=0 
and xyz -2(x+y+2)+9=0. 
24. By the method of partial fractions, prove that, if a, b, c, ... k are n numbers, 
then the sum of n fractions of the type 
qQ™ 
(a—b)(a—c)(a—d) ... (a-k) 
is zero if m is an integer less than n —1 and is unity if m=n--]. 
25. If n is a positive integer, 
2 1 2 4 2 9 
[etl [n-i a+. ja+2[n-2 ata” [n43 [n3 a+9 
l 


(a + l)(a+4)(a +9)... (a +n?) ` 


26. Under what conditions are the following equations consistent ? 
t+y+tz=l, 2w-yt+z=c, (4a4+-b)y+az=c,, —bx+(a+3b)y=cy, 
27. Show that, if the roots of x? —az?+ bx -c=0 are not in A.P., then there are 


in general three transformations of the form z=y+ A, such that the transformed 
cubic in y has its roots in G.P. 


28. (a) Prove algebraically that, if a, b, «, B are real numbers, then 
Va La)? + (b+ B)?< Va? + 62+ Vo? + pe, 
the positive root being indicated by the radical sign. 
(b) Ifa and b are positive and a-+6=:1, show that 


1\? 1\? 
(a+) +(045) > 125. 
a b 


29. Examine, for different positive or negative values of x and p, the conver- 
gence or divergence of 


; ý m -1) -v 
(i) 25: (ii) F N 


30. Show how to find the nth term and the sum of n terms of a recurring series 
of which the scale of relation is of the form u, + pUn_1+QUn_2=0 and of which 
the first four terms are known. 

Apply the method to the series 


(i) 1, 2, 5, 14...,  (p=-4, q=3) 
(ii) 1, 2, 5, 12... (p= -2, q=-1) 
31. (a) Show that 2%b?c?(b? -- c2) (a4 — b?c?) 
= 2) (a?b? + a?c? — at) [(b4 — c?a?) (a? — b?) + (ct — a?b?) (c? ~ a?)]. 
(b) Eliminate x, y,z from 
ry +rz=a", ywetye=d®, z?æ+z?y=¢, xryz=—d'. 
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32. (a) Show that any root of the number n can be expressed in the form 
aE aJe ooe 
NE q b Cah, 
where each of the quantities a, b, c,... is n, 1 or n™. 
(b) If x is less than VAN, but greater than $./N, show that 


eae - x is nearer to ne than is either N ve or 2. 
N + 32? 2x 
33. Show that 
(a-a)? (@-a,) ay _ a? TI (a; — a,) 
Aa + Ta Tla ~- a;)? 


(a-a)? (a-a)! a, 
(a-a? (a-a)! ag 


Write out the terms of the product in the numerator, and give the resulting ex- 
pression its correct sign. 
34. Discuss the reality of the roots of 


xt -+ 4x3 — 2x? — 12x +a =0, 
for all real values of a. 
[Denoting the equation by f(x)=0, consider the roots of f'(x)=0.] 


35. Solve the equation 46x? + 72x? + 18%—11=0, by expressing the left-hand 
side as the sum of two cubes. 


36. If (L+z)"=l+cx-+e,2%+...+¢,%", show that 


cy(1—2) -tell -a)i thel a) C E op (l-a) 


] 
=]—a4+3(1—a?) +h(1—- 29) +... K (1 -- 2”), 


du d 
[Denoting the expressions by u and v, show that = = , etc.] 
x dx 


37. Prove that there is only one set of real values of x, y, z which satisfy the 
equation 
(1-2) +(x- y)t+ (y 2) +22 =}, 
and find them. 
[Writing a, b, c, d, for (l- x), (x-y), (y-z), z, we have a+b+c +d=l1 and 
a? +b? +c +d =}; hence X (a-b}=0.] 
38. If w is a fifth root of 2 and x=w+w?, prove that 
x5 = 10x? + 10x +6. 
39. Prove that, if r?=p’s, the product of a pair of roots of the equation 
x4 + px? + gu? +ra+s=0 
is equal to the product of the other pair. 
Solve x? — x? — 16a? -27+4=0. 
40. Obtain the roots of 
vt — 623 + 132? — 6x + 1=0 


ta 
in the form (VIENE 8, 


41. Prove that 2t™Ht4e=(a+1). IT}? (x?+2ux cosra—1), where n is a 
positive integer and (4n+1)a=2rz. 
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42. If three real numbers satisfy the equations 
x+y+z=5 and yz+zx+ry=8$§, 
prove that none of them is less than 1 nor greater than 23. 
43. Find a general formula for all the positive integers which, when divided 


by 5, 6, 7, will leave remainders 1, 2, 3 respectively, and show that 206 is the 
least of them. 


44. Show that a determinant of order n can be expressed as one of order n — l 
as follows. 


If A=} a,b,c, ...1, |, then da,"-?= 
tabata ssela 


(1 ,b,)(a,b3)(a,D,) ... (abn) 


(146g) (GyCy)(Ay4Cq) «.. (A16) 


CCC CeCe eaeeoVeneveo Fo UL mw e mw e ee Be one eeeeeteoeeeeeneeesee 


ee EERTE A (dila) (aila) (dila) <- (dila) 
[Multiply 4 by a, 0 0...0 }.] 
b, a, O 0 
—C, O a,...0 
-h 0 Q A 


45. Show that, if n is a positive integer, the number of solutions of the equation 
n = 2n, + 3na, 
where n, and n, are positive integers or zero, 1s equal to N or N +1 according 
as r is or is not equal to 1, where VV denotes the quotient and r the remainder 
when n is divided by 6. 
ab 3a 33b? 


or 


Dp ses aoe aA so os 
46. Prove that (a+b 48 qe 


a, b being positive. 


47. If n is a positive integer, 
3.4 n(n—1) 4.5 n(n-1)(n—-2) 


can br a +a 
ns no — (n? A Tn ae 8) 9n—3 | 
48. Ifa, b, c, d are real and 
b -ac ad — be 
ad—bc c*—bd’ 


ay? E ee er 
show that each ratio = ( 5) and that a%c+ bd’ -+a3d? =0, the real values of the 
roots being taken in all cases. 


49. Prove that the condition that 
(ax + by -+ cz) (bx + cy +-az) (cx + ay + 62) 
can be expressed in the form P%+Q? where P and Q are linear functions of 
X,Y, = 18 
a? +b +¢3-<3abc ; 
and find values of P and Q. 


50. If zi, £a.. 2 
Zxr” >n if mol. 


„ are positive numbers such that 2Lux=n, prove that 
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1.3.5... (2r-1) 
254; 6 naa 

dyr UNIr—1 FIr + oe 
to $(r+1) terms is equal to §. 


51. If7 is an odd integer and q,= , prove that 


n 
52. If iy = 1-+aye+a,2°+...4+a,27+..., show that 


SO SHOW a 
a, = Qn CO: a Daak an r—2 d iia ak E= eae F ne 1)t-3 OR, 


j 3n +2 


53. Sum the series sie ae 
“Ont 4 3n42 


54. Examine the convergence of the series whose nth term is 
5 
ae (a eam a g: 1) 
for any value of x. 


55. If m is a positive integer, show that 


m? m? — J m? (m? -- 1 m*—(m —1)* 
1 ~m? }- a SRC= 1m a Tre i a noe 
12, 22 ( m)? 
56. Prove that, as the real variable x changes steadily from ~œ to +0, 
the function (x-a)? 
a 


where a and b are real and a ~ 6, assumes twice over all values except those in 
an interval of length 4(6~-«a); and locate this range of values precisely. 
57. Prove that, if ia @ at-l k f 
b è btl 
c © &-l | 
and a, b, c are all different, then abc(ab+be+ca)=a-+b+e. 
58. Prove that, in the expansion of (1 +2)"(1~- xy ? in ascending powers of x, 
where n is a positive integer, the sum of the first +r coefficients is 
2"-3{n? + n(4r +3) +4r(r +1). 
ax +b 


(v—1)(x -4) 


the values of a and 6, and show that yis a maximum at P. Sketch the curve. 


59. The graph of y= has a turning point at P(2, —1). Find 


60. Prove that, if x> 100, then zł -3 (x+ 1) (x — 1)3}—=1x 3 (nearly), 
the approximation being correct to at least eight decimal places. 


61. If f'(x) is positive, show that f(x) is increasing. 


Prove that 2x -+x cos x — 3 sin x >0 if 0< RG f 
62. Prove that 
l l l 
= Reefer I se ee = ne ; 
ee ae We ee 7t . to infinity = log 2 
bo) 1329 

d that ae ii j ity=l 

and tha rae l eti 6 +... to infinity = | 
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63. Solve the equations : 
z? + x? —y(z-+x)=b 


L? +y- z(x+y)=c 
[Show that b+c-a=2 (x? — yz), ete.] 


Mi yat L 


64. By expanding (1 -2x -3x?)-! in two different ways, prove that 


ony (n-1).3. greg TAOS) ge gna 


- 
(n - 3) (n - 4) (n - 5) 


E E Bt (= 1)P). 


65. If ax+by+cz=1 and a,b,c are positive, show that the values of 
1 l 
x, Y, z, for which sty is stationary, are given by 


ax? = by? = ¢z?, 
Show that this is a truc maximum or minimum, if zyz->-0. 


66. Show that the equation tanaz=1l+z2 


has an infinite number of real roots, and find graphically the approximate value 
of the smallest positive root. 


67. Assuming that x{log(1+)}~! can be expanded in ascending powers of x, 
find the first four terms of the expansion. 

By help of this result prove that a capital sum accumulating at compound 
interest at r per cent. per annum will be increased ten-fold after 


230-26 
( n + vie) years approximately. 


68. If xz=y-y?4+2y?- yt, and it is assumed that y can be expanded in 
ascending powers of x, show that 
TE a ae 
69. Draw graphs of 


2(x?-6x) 2 (x? — Br) 
Y= -—— :? Delta ads . 
(i) y sa (ll) y TE 
T0. By expanding 
] 2m+n 
(2 bets 
x 
in two ways, prove that l 
PN 92m—2r '4m+2n 
|[2m+n ips | = 


: |r [2m ~ 2r [n +r |2m+2n | 2m 


71. Show that (a~—~ 2)(4 32%), where a is a positive constant, has one 
maximum value and one minimum value. Find these values and show that the 
difference between them is s(a +3). What is the least value of this difference 
for various values of a ? 


72. Prove that xt — 1822+ 4dx+9=0 
has four real roots, if dt < 1728. 
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73. If re=aR+bR3, where Rr, 
and the quantities denoted by all the letters are real and positive, prove that 
x > 2Nab. 
74. Prove that, if « is small, one root of 
2H —(14-2e2)x-1=0 


is approximately 1+ .%, and find corresponding approximations to the other 
roots. 


15. Ifa, B, y are the roots of 
x? — ax? + bx -c =0, 
the area of the triangle, of which the lengths of the sides are «, 8, y, is 
1 (a(4ab —a3 —8c)}4. 
If the triangle is right-angled, show that 
a(4ab — a? — 8c) (a? — 26) == 8c’. 
76. If n is a positive integer, prove that 
ee all 
(i) — < < 3%-1 when n>3; 
n |n 
RUT PAI 


(a1) Pereg ws ( FEH when n>l. 


l eN ; fy —1 y? — I 
77. If y is positive, show that log y lies between 2 ( ys) and E 


78, Prove that all the roots of the equation 
x’ — 14a? + 24x = k 
are real if 8< kall. 
79. Find a function (az? +- 26x” +.c)/(a’x? + 2b’x+c’) which has turning values 
3 and 4 when x=2 and -2 respectively, and has the value 6 when x=0. 


80. If a, b are unequal positive quantities, show that 
atb? > (ey 


81. Show that two pencils of straight lines in one plane, containing p and q 
lines respectively, no two imes being coincident or parallel, divide the plane into 
pq+2p+2q-—1 parts. 


82. Show that the number 30 may be divided into three unequal parts in 
61 ways, while if equal parts are allowed, there are 75 ways. 


83. In how many ways can a batsman make 14 runs in 6 balls, not scoring 
more than 4 off any ball ? 


84. Prove that the equation 
x4 +4rx+3s=0 
has no real roots if r#< s83. 
85. Find the minimum values of 
am+g™ /a+x\™ am +h6™+4¢™ /a+b+x\™ 
2” a) i 3 ( 3 ) 
for positive values of x, where a, b, m are positive and m>1. 
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86. Find the condition that ax+6/x can take any real value for real values 
of x. 
Express £ =(x —a)(x —b)/(x-—c)(x—d) in terms of y where y=(x~d)](x-c); 
and hence, or otherwise, show that € can take all real values if 
(c—a)(c —b)(d —a)(d — 6) 
is negative. 
87. Find the maximum and minimum values of 
y =(x +1) (x +3)? (x+2), 
and draw a rough graph of the curve. 


88. Prove that 77” -—-48n-1 is divisible by 2304. 
89. If (£i — %)? + (Y1 — Y2)? =a", 


(£o — X3)? + (Y2 — Y3)? =°, 
(£3 ~ 21)? + (Y3 -Y =e? 5 


then 4| xı Y | P=(a+b+c)(b+e-a)(c+a-—b)(a+b—-c). 
> Yz | 
tz; Ys l 
90. Show that an approximate solution of x log x+a2-—1l-=e, where e is small, 
18 x= l +e/2 — 7/16. 


3 3 
91. Find the limits of a , as x, y tend to zero along the curves 
(i) y=u-2’, (1) y=x- x, (iii) y=- z’. 
92. If a, b, c are real, prove that square root of a?+6?+c?—be—ca—ab is 


greater than 3(2a-6-—c) or than ah (a-c), where a>b>+¢. 


I ] I 
93. Prove that if Lee Ee 
1 1l F 
then +5% + gtt.. to 0 =2,/e. 


94. Show that a sum of n pence can be made up of pennies, halfpennies and 
farthings in (n+1)? different ways. 
95. If x>2, prove that 
n n(ntl) mn | n(n-1) 
as Ee ek” B (zI) 
and deduce that 
n(n —1) (nt) gus 1)(n - 2) (r-1)(r -2) n(n+1).. a Seal 
a hee ee A, +a = [amiss 
2 2 2 Z 
96. Find approximations to the roots of 
(x —1) (x —2)(% -3)=a, 


where « is small. 


97. If 3u,, —TUn rı +5Un—z— Uns =0 and w=], u,=8, u,=17, prove that 
2u,,=20n -7 +37", 
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98. Expand {2x +y (9 +3z?)}/(3-x) in ascending powers of x, as far as 
the fifth power of x, and show that for small values of x it leads to a good 
approximation for e®. 


Deduce that et =1-2840.... 
99. Ifa, bare positive, and p and q are positive rationals such that 1/p + 1/q¢=1, 
prove that ab <a?/p + b4/q. 
100. By means of the expansions of e” and log (1+), prove that, when n 


is large, 
143 ne(1- ph +51) TA 
e a a deat) 


Show that e is given approximately by 
2e =(1-1)!9 + (0-9)~29, 

with an error of about 0-46 per cent. 

101. If r>p>gq, show that the number of combinations of p+q things r at 
a time, p things being of one sort and q of another, is p+q-—7+1. 

102. Show that one root of the equation 

x3 =100(x — 1) 

is approximately 1-0103, and find the other roots correct to two places of decimals. 

103. Prove that, if n is a positive integer, the coefficient of x” in (l+2+22)" is 
n(n —1) p — l)(n -2)(n — 3) 
({1)? (2y 
104. The number of ways of selecting r pairs from n different things is 

n(n-1)... (n-2r+1) č P 
27 |r 2r |r |n- 2r" 


1+ 


105. Having given that 
tt+y+z=1, x? + y? + 2%7= 2, x3 +y? + 28 — 3, 
prove that xh + yt +z = 44. 
106. If a, b, c are real and 
a? +b? +c? + 2abce= 1, 
then a?, b?, c? are all greater than 1 or all less than 1. 


107. If x+y+z=2yz and x?=yz, then y and z may have any real values 
and z? 23. 


108. Solve xt + (1552 — x) = 10. 
109. Show that the result of eliminating x and y from the three equations 
l ] ] ] 1 l 
z-a y-a a? z-b yb b’ 
and x? +y?=2 (a? +b?), 
is a? + b? — 6ab=0. 


1 
110. Prove that log, {log,(1+x)"}= -łe +r? -4 


Find, without using tables, the value of log, (log, 1-01) correct to five places of 
decimals, having given log, 10=2-302585. 
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8 — 2x 


111. Show that the coefficient of 23+! in the expansion of in a 
(x +2) (x? + +8) 


series of ascending powers of = is 
3n+3 


(= 1)" Senta * 


112. Find to five places of decimals the real root of 23+x+4+1=0. 


113. If 23-“+=a? where p» is small, show that an approximate root of the 
equation is given by x=a{l+ 3p log,a+ jp? log, a(l +2 log, a)}. 
1 
114. Prove that (l+a)-®=1l+a+a7+4 3234 tgrt t... 


115. The difference between the a.M. and the a.m. of a set of nearly equal 
numbers is to a first approximation equal to the quotient of half the difference 
between the square of their a.m. and the a.m. of their squares by any of the 
numbers. 


116. Find the sum of the terms after the nth in the expansion of (1+ 2)/(1—2)? 
in ascending powers of x. 

Prove that the ratio of this sum to the sum of the corresponding terms in the 
expansion of (l1-x) can be made equal to any given number A, which is 
greater than 2n, by suitable choice of x. Explain clearly why the restriction 
upon A is necessary. 


117. An examination consists of three papers, to each of which m marks are 
assigned as a maximum. One candidate obtains a total of 2m marks on the three 
papers. Show that there are $(m-+1)(m+2) ways in which this may occur. 


118. Show that the 2n-th convergent of — ER ... differs from the 
4—3+4+4-34 


value of the continued fraction by 13/{9 . 12" +4(—-1)"}. 

[Prove that (i) Pan=llPən 2+ l2Pən_a, with a like result for the q’s; 
(ii) Gen=Pont+(-1)" and den 1/4=(Gen ~ Pen—1)/5 =Pon/9-] 

119. If the infinite product 


a+ay (148) (142) (142). 


is expressed in the form day +a,%+@,%7+...+@,"7+..., 


then (27+) — 1)ap41 =4(4,+ Upi). 
120. Find the coefficient of z” in the expansion in ascending powers of z of 
1 

Aske , and show that 

1 ~2z—22* 


= Sl ( oe yy ‘ 5 a 


PE a E a a 8) 


p 


METI —(m+n)x™ +n, 
where m and n are positive integers, is divisible by (x —1)?, and that the quotient is 
meMTN 24 + DAT +.. Nn 
where p,=m(m+n-r-1) (r>m), Pr=(r+1)n (r<m). 


=] 4n + 


121. Prove that 
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122. Prove that the number of ways in which n prizes may be distributed 
among q people so that everybody may have one at least is 


-1ł 
q” ~ aq - n4 5 (q-2)"--.... 
123. Prove that when z is sufficiently small 
l 1 1 J] 1 


eT = — — Y ee La 
log (L+2) z 2 12°" 94” 
Also, if n>], 


I ok ae g pa 

r? an “a [wt (nF?) jn Da 
log URRE mie) s o 

|2 n 


124. A man owes a sum of £4, and repays £b at the end of each year, partly 
to pay the interest at 100n per cent. and partly to repay capital. Show that the 
sum will be repaid in A years, where A is the integer equal to or next greater than 


~ log (1 ~- w log (1 +n). 


125. Show that the number of combinations taken n together of 3n letters of 
which n are a, n ate b, and the rest unlike is 


CA2 R a A3 t. ANCHAL, 
and that this sum is equal to 2%—~t(n + 2). 

126. If a, b are positive integers, the probability that (a? +b?) is a positive 
integer is 35. 

127. If x+(b4+c)y+bcz=b —c, 

x+(c+a)y +caz=.c-a, 
z+(a+b)y +abz =a —b, 
where abc, prove that zx —-y? =3. 

128. Ladders 15 ft. and 10 ft. long are placed in a passage, each with its top 
against a wall and its foot against the opposite wall. If the point where the 
ladders cross is 5 ft. from the ground, find the width of the passage. (Sunday 
Times. 

[If s width of the passage is x ft. and the tops of the ladders are a ft. and 
6 ft. from the ground, then 

1 1 1 
a*b 5 
Hence if 6=5(y+1), show that O<y<1, and 
y* + 2y? + 54? — 2y — 1 =0, 
giving y = 0-5761287, b= 7-880644, x =./(100 — b?) = 6-155929. ] 


, and a?-—6?=125. 
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1. A party consisting of 7 robbers and a monkey had stolen a number N of 
nuts, which were to be divided equally among the robbers. In the night a 
robber woke and decided to take his share. He fotind that, it he gave one to the 
monkey, the remaining nuts could be divided into 7 equal lots. He gave one to 
the monkey and took his share. The other robbers woke in succession, found 
that the same thing was possible, and each gave one to the monkey and took 
one-seventh of the remaining nuts. In the morning they divided what were left, 
and they found that, if they gave one to the monkcy, the nuts could be divided 
into 7 equal lots. Prove that the least value of N is 78 — 6 =5764795. 

[The value -6 of N satisfies the numerical conditions; fur -6-1 -7, 
~7+-7=-1, -7-(-l)=-6. Thus -6 is unaltered by the set of operations 
corresponding to what each robber did. Hence the values of N are given by 
~6+k . 78] 


2. Let a/b be a proper fraction and ĉi Ca, Ca.. an infinite sequence of 
positive integers. If qi, da. gy... J, are the quotients and 7, 7%, 73, ... 7, the 
remainders when aCi, ilgs Talas ee fnan respectively, are divided by b, show that 


et nH, k ve dn 
oe ey a ee Ry 
O C E GE EA 
l r 
where R,= eee 
Cn eC, -U 


(Ih) G50 jg. y= C5; wan eh 

(ili) 7,, = eC, ... Cn (mod b) ; 

(iv) If a is a prime to 6 and a<b, then 
Gon Fe Ys 
n= fe a oes = ciate ty 

Ce Cts Cai 


where the series terminates if cc, ... ¢,, is divisible by b, for some value 


ofn: otherwise the series is convergent. 


3. Express the following fractions in the form : 
ta) 


mM, 9 , G3 = fn ; 
$76.6 3.6.7 °° $052.00) 
(i) $5 (ii) x; (iii) $- 


In the last two cases, find the value of q, 


4, Show that 
1 l 3 6 = an(n+1) 


-=a tar ata gg n tee tape Tann 
8 32732,5? 32.52.72 32.52... (2n +1)? 


5. Use Ex. 2, (iv), to show that e is irrational. 


6. Sum the series 
n2+2(n—1)?4+3(n-—2)?4+..., 
where n is a positive integer. 


Prove that 6,424 vot Sn 
|2 |n 


where S,, is the sum of the squares of the first n positive integers. 


+... to infinity =" (° ; 


2N B.C.A. 
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T. Prove that, if x, y, z are positive and «+y+z=1, then 


(1) 2-1) Caos 


8. From a cask containing x apples, a man sells half the contents of the cask 
and half an apple to one customer, half the remainder and half an apple to a 
second, and so on, always selling half of what are left and half an apple. In no 
case is an apple divided. After n sellings, a apples are left. Show that 


g=2"(a+1)—-1. 

9. Show that the planes ny -mz=A, le-—nx=p, mu—ly=v, have a com- 

mon line if, and only if, lX+mp+nv=0. 

ax +b aß +b 

10. If = eee re ad — be £0 
card Y cB+d’ MCE GUN 


and a, b, c, d are connected by the equation a?+d?+ad+bc=0, 
ay+b 
prove that ee 


g=----,. 
Cy + d 
Show also that a, B, y are the roots of 


tb ~dath _ adat+b —da+b 
ca+d cx-a 


ee recs a 
ca +d Ca -a 
[2r -2 


a 


The df k= | i 7) show that &,=Ayky yt... thykpip tee t kraiks 
where r is a positive integer greater than unity, and p- r. 
12. Show that 5 > 5 = z ; 

where p, q,r are positive quantities such that m=p+q+r. 
13. If x,=a(x—-1)(%-2)...(a~-r+4+1), prove that 
(2n — lna - (2n -3)n_ 4. (20-5), 


am 4. 6™ 4 e™ Urg DP +ceP alb 4 6% g” +b" +07 


s e Ne a pole Waa ya ¢ 
each product being continued as long as the suffixes are greater than zero. 
14. Ifl. m, V, m’, l” and m” are integers, and if «/B is not rational, and if 
la + mB =x +-m’B, 
show that /=l’, and m=m’. 


Also show that no two of the numbers 
(21+ 5m)a +08, (2U +5m’+l)atl’B, (21+ 5m”’)a +(l’’ +1) 8 
can be equal. 


is 3-33-33. find all the roots. 


15. One root of the equation zë — 9x5 + 1824 + 9x3 + 27x? — 54x — 36 =0 
16. If 


ayz +d, (y+z) +c, =, 
Azz +balz +2) +C =O; 


agry +bs(x+y) +e,=0, 
are true for an infinite series of values of x, y, z, prove that, in general, 
AC3 + (3Co = 26.5, ACi + A3 = 26,63, Q,Co -+ ACi == 2b,b,. 
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17. Ifa, b, c are unequal, show that 
ax>-¢ + bxl-%4cx9 a+b Hc. 
18. If a(x+y +b) +2%y? + bxy(x+y)=0, 
a(z+x+b)+ 272? + bzu(z+27)=0, | 
where y and z are unequal, prove that 
a(y+2+b) + y%z? + byz(y -+z)=0. 
19. Prove that 


2 atPpt+y+6 ap + yd 
atBt+y+s 2(%+ B)(y +ô) aB(y+5)+yd(a+ B) 
xB + yd aB(y+6)+ yd(«+ B) 2aByd 


is equal to zero. 


20. Prove that 
NX A, 


a 5 a a 


l r\n (1 — n” 
A hee x+ tan? Z 


. IT rT 
where A,=:(--1)" sin? — cos” - and r=1,2,3,...3(n-1) or ṣn-l, 
n n 
according as n is odd or even. 


21. Determine the condition that (2"+!—a"+4-1) shall be divisible by 
(x? --x+1). 


22. Show that the first four terms in the expansions of 
x pn ~an x£ Tn 
(L+2)"+0(1+2) and o(147) re(14 J 
P q r 
are identical if 
b b 
L+a=b+e, 1422-42, 14 5=e 245, 
Poe T PY r 
and find the values of a, b, c in terms of p, q, r. 
23. Find the limiting values of 
l be a 
(cos x)”, (cos x), (cos x)”, 
as x tends to zero through positive or negative values. 
24. Show that, if li, m,, ni; la, Ma, na; ly, m3, Ng are real quantities satisfying 
the six relations, 
LIAMH =l HM? HN =l Hm +n, 


[ols + MaMa + NoNs = A + MM, + NgNy = Ll, + MMe + Nio =0, 


then 
by? + la? + Ly? =M? + M+M ENNER? nge =l, 
MN, EMAN +M Ny =N il + Nele + Ngls =l,m, +1,m,+l,m,=0 
and lL m milal. 


l M, Ne 
ls M, ns 
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25. If 2°+3hz p: [a(z +v) —v(z+ u)?] for all values of z, show that 
-y 


_9,N4 _9_N4 
2u =7 + h and w=7 h A 
where A =g? + 4h’. 


Show that the cubic 4z3 — 27a? (z +a) =0 has two equal roots. 
26. If w=(b-—c)"+(c—a)"+(a—b)", where n is a positive integer, prove that 
(i) If u is divisible by Xa? — d'bc, then n is of the form 3k +1, where k is an 
integer. 
(ii) If u is divisible by (La? ~ J’bc)*, then u is of the form 3k+1. 
27. If all the roots of the equation 
L” HPL ...+p,=0 
are rational and negative, show that 


(i) (ZY pm 


(pt r|n-r 
O > p, =. 
(i) (2) > p, = 
28. Prove that, if n is a positive integer, and 0,=(«+2r7)/n, then 
l 1 


sin æ — gv sin (« —0,) 
Lr — xr cogatl nsina 


x? -2x cos 0, +1 


n-1 
r=0 


29. Investigate the maximum and minimum values of (x+1)5/(z5+1), and 
trace its graph. 

Prove that the equation (x+ 1) =m(x5+ 1) has three real roots if O0<m<16 
and only one real root (—1) if m<0 or m>16. 


30. If n and n+2 are both prime numbers, prove that (n-2)in-1-2 is 
divisible by n(n +2). A 
31. Prove that, if « is small, the equation 
L? — 3x +2 =e. x? 
has a root nearly equal to l-—e+4e?, and find approximations to the other two 
roots. 
32. If a, b, c, ... k, l are positive numbers arranged in descending order, and 
—l 
a+btet+..th+l=——, 
-l 
show that u lies between the greatest and least of the numbers 
ajb, b/c, cjd, ..., k/l. 


33. Discuss the convergence of the series whose nth terms are 


(Ir) an (yn 


. 34. Find the seventh roots of unity and show their positions in the z plane 
where z=%+1y. 
If z is any one of the imaginary roots, find the equation whose roots are 


z2+z24+z22% and 26+23+25. 
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35. If d denotes the determinant 

Ai Ag Q3 Ay Qs |; 
d5 Qi A}, Q3 M4 
Qy A A, A, @3 
A3 Gy Ay Ay Qg 
Q Gy Q4 As ay 

and D denotes the determinant obtained by changing a, into A, where 

A, = 4,2 + 2a,0,+20,0,, Az =44? + 2a, + 2AA, A,=a_?+ 20,4, + 2a4as, 
Ag=dg? + 20,0,+2a,€,, Ag=d3?-+ 20,45 + 20.04, 
show that d?=D. 


36. If m, n, p, q are positive integers and if x, y, z all tend to a, prove that 
2™(y — 2) 4. (al — 2M) 4. 2™(a— yn) mn(m—n) 
P(Y — 22) + yP (24 — at) +P(A- y) pq (p ~9) 
37. Prove that, in the expansion of 
(l+a)"+(1—2)™, 
where —l<a<1, the terms are either all positive or, after a certain stage, 
become and remain negative, and that in the latter case the last positive term 


exceeds numerically the sum of the infinite series of negative terms. 
Deduce or otherwise prove that 


(l+2)™+(1-—2)™-2 
vanishes with or has the same sign as m(m — 1)2?. 


lim qQmtn—p—q, 


38. Show that the number of distinct sets of three positive integers (none 
zero) whose sum is the odd integer 2n 4-1, is given by the least integer containing 
lin? 

z (n? +n). 


39. Show that the number of distinct sets of three positive integers (none zero) 
whose sum is an even integer 2n is the integral part of ẹn?. 


40. Prove that 
1 — dx? +43 -—(14+2)e-* 


is positive for positive values of x, and increases as x increases. 


41. Find to 6 places of decimals the root of 
T? +. 3a? — 42x —-41=0 
which lies between 5 and 6. 
I 


42. Prove that the coefficient of x°” in the expansion of (I~z)(1-25)(1—a) 


in powers of x is 
] 1-(-1)") 
z sea E 


43. If the volume of a right circular cone is 20 cubic feet, prove that, when 
the cone is such that the curved surface is a minimum, the radius of the base is 
approximately 2-381 feet. 


44, Arrange the following numbers in order, so that as x-> m, the ratio of 
each number to the preceding may tend to infinity : 


x, 27, x7, e”, glogr, (log x)?, loz, 
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45. Prove that 
(x-1)(x-2)...(x-n) en ims 
ae De a ee ae hue 
and deduce, or otherwise prove, that 
T a |n+2 [n+3 In +4 
jn—-1 ° |l [2 |n—2 2 |2|3 |n-3 3 "13 [4 [n—4 4 °° 


[2n 


jeter l 
({r)2 n — a eer’ 


46. Prove that, if 
a 6 ¢_@ be _al bm cn 
l? > m? n? xr? y? z2? y? z3 


x 
where a, b, c are not zero and no two of - 7? E oe are equal, then 
z 
el is E 
l mn 


47. If aja,a;...a,=A", prove that the sum of the products r together of 
the a’s is greater than 
|n ; A" {|r ln —r}. 


r+ytz2+w=l, 
ax+by+cz+dw=a, 
ax + by +e + dw = A’, 
ax + b3y + c8z + dw = A3. 
Prove that, if a, h, c, d, A are all real and unequal, at least two and not more 
than three of x, y, z, w are positive. 


49. Prove that if 
Y? +yz +z? =a, z?+zæ +r? =b, w+ zeyt+y?=c%, yYz+zx+xy=0, 


then a+b+c=0. 


48. Solve the equations : 


50. P b E l is divisible by 73 
. Prove that (136)? Is divisible by 73. 


51. Prove that if m is prime and p<m, 
|p -1 |m-p pt+(-1)?-!=0(mod m). 


52. If «?+8?=xaß, BP+y2?=Kpy, y? +8 = ryð, d%*+e2=xde, and if «, B, y, 


ô, € are all different, then 
a? +e? = (rt — 4r? + 2) ae. 


53. Prove that 


l 2 2n +2 
tg e ee ee. 
a 2 |1 r+1 2 |2 |r +2 2n jn+r |n+2r 
54. If (1+pr+z?)"=1 +a, +a? +... + aont”, 
prove that Op =üsn-r 3 


and that 1+3a, + 5a, +... + (40+ 1)a,, =(2n + 1)(2 +p)", 
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55. If of 3n letters there are n a’s, n 6’s and n c’s, the number of combinations 
of these r together is equal to the number of combinations 3n ~r together. 
Also, if n>r>2n +1, the number of combinations is 


a(n + 1)(n+2)+(r-n)(2n -r) 
and the maximum number of combinations is 

1(3(n+1)?+1} or 3(n+1), 
according as n is even or odd. 


l] 1l ] — 
56. Assuming that l+- a aie a logn tends to a limit v as n>, 
prove that € 


l l l l 1 
(i) lim (14 Henti e ee a M n-gar 
n- D 2 n ntl n+2 n? 


(ii) lim -(% Po TAR a baa log [a )=y. 
peer es | oe | 2 3 n ge 
57. Expand log(l -x -- x?) as far as the term containing xt, and if 
log (1 — x -- x?) = — Uyt Uat? deg? nnn, 
obtain an expression for u,, and prove that 
Un = Un— + Un—e 


58. Find lim l -x +logz : 
rl ]-— (2x —2%)3 
a a% — b? _ 
59. Kind lim -—-—~,, where a, b, c, d are positive and cd. 
r—>0 C- d” 
60. If L HYHZ =EN + Eml, 
and z+y+tz= ++ =x +yn+z%=0, 
show that 32° = (7 — )? and 2 + £2 == 2, 


61. If n points are taken in space so that not more than 3 of them lie in any 
plane and not more than 2 in any straight linc, show that the points define 
in(n—1) straight lines and +% |n -- 1 polygons of n sides. 

a oes 1 1 


“4 . . 1 1 . e . 
62. Prove that the continued fraction n o in which a is 
- a- — £ 


equal to —l and is repeated any number of times, must have one of three 
values, and that if x satisfies the equation 22°+32?-3xz~-2--0, the fraction 
satisfies this equation. 


63. If (1+2)"=co-+¢,x+ ...c,x", where n is a positive integer, prove that 
— web eed 
292732 Ged asd) (273 T T ) 


2°3 n+l 
64. If a, b, c are real and l, m, n are integers, find the values of x for which 
(x-a) (x —b)”(x-c¢c)” has maxima or minima. 
Determine which of these values give maxima and which minima, (i) when 
l, m, n are all even, (ii) when l, m, n are all odd. 
65. Solve the equations : 
ytz=a(l—yz), z+x%x=0(1-zx), x+y+z-ryz=c(l -xy -— yz- zx). 


1 
66. Sum the series Lt a+ ee ae ne ET 


STO es alee aT BT 1g 
1 [2 [3 |4 j5 j6 
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67. Discuss the convergence of the series 


(y 
for all values of z, real or complex, distinguishing cases of absolute and conditional 
convergence. 
68. The equations of four lines are 
(D yzna (2) 220; teb; 
(3) -2=¢, Yee: (4) r=y =z. 
Find the equations of the line drawn from the point (k, k, k) to cut the lines 
(1) and (2). 
Prove that two lines can be drawn to cut all the four given lines, and that these 
lines cut the line (4) in two points determined by x«=y=z=k, where 


(k-a)(k-b)\(k-c)=(k-a@’)(k—-6’)(k-—c’). 
69. Discuss the reality and equality of the roots of 
xt — 2A (3x? — 4x -+ 3) +342 =0 
for different real positive values of À. 
70. A bag contains 21 balls of 6 different colours, there being 6 of the first 


colour, 5 of the second, 4 of the third, and so on. Show that the number of 
different selections of 6 balls which can be made from the bag is 259. 


Tl. If — Af(a)=f(at+w)-f(a), 4°f(a)=Af(a +) - Afla), ete. 


| 
prove that f(a+2w) =f(a)+24f(a) o ) A*f(a)+.... 
Use this to find log 7-063, given that 
A log A? log 43 log 
log 7=0-845098 
12234 
log 7-2 =0-857332 — 334 
11900 16 
log 7-4 =0-869232 — 318 
11582 


log 7-6 =0-880814 
72. A series is such that the sum of the rth term and the (r+ 1)th is always r4. 
Prove that 
(i) the rth term is $7(r —1)(r?-r—1)-(-1)’c; 


2 2 
(ii) the sum of r terms is ne) 


c 
-{1-(-1)}. 
+50 -(- 19 
73. If n is a positive integer, 
= : T : + E ee 
2°38n+1 3n+2 ` 5n bn4+1 73° 


74. Prove that, if : ; - are fractions such that qr —ps=1, then the denomi- 


; i r, 
nator of any fraction whose value lies between p and z is not less than q +8. 


Prove that there are two and only two fractions with denominators less than 19 


which lie between +2 and ¢. 
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75. Determine ranges of x for which the function (log x)/x (i) increases and 
(ii) decreases as x increases. 
Hence prove the following theorems, wherein n is a given positive number 
and only positive values of x are considered : 
(i) The equation »”“=2 has two roots, one root or none according to the value 
ofn. 
(ii) The inequality n*>-z" is a consequence cf either x>n or x<n, accord- 
ing to the value of n. 
State the critical values of 7. 


76. From a bag containing 9 red and 9 blue balls, 9 are drawn at random, the 
balls being replaced. Show that the probability that 4 balls of each colour will 
be included is a little less than 3. 

i 


; : l , 
TT. For the continued fraction - -- -——..., prove that pn_1+q, is not 
a, -+ Qa + 


altered if ai, a,,...@, are permuted cyclically. 


78. An approximate value of ġ, measured in radians, is 3 sin œ /(2+ cos ¢) 
provided that <m. Establish this result when ¢ is small and show that the 
error is approximately ġ*/180. 

Hence express approximately the acute angles of a right-angled triangle in 
terms of the sides and deduce that, if c? =a? 4-6*, then 

6 (a + b)e + 3c? 
ab-+2(a+b)e+4e’ 
is nearly equal to }7 for all positive values of a and b. 


79. Given a, things of one kind, a, things of another kind, etc., a, things of an 
rth kind, show that the number of different groups which can be formed from one 
or more of the above things is 

(a+ 1l)(aa+ 1)... (a p+1)-1, 
and show that if r=4 and a,<n<a,<a;,;<a,, the number of groups having 
n members is 
a[n l) (n + 2)(n + 3) -(n -a(n — a, + 1)(n -a + 2)). 


80.\When n>2, if Bp = ApEn + Ena 
ds Yn =AnYn1 + Yn—2s 
and if woeh =a. -O y= 1, 
verify by induction that £nyYn —EnYny =( 1)", and deduce that 
x l l 1 
ea E - ——- H... -H(~1)” 3 
Yn YWYo Y3 Yn—Yn 
81. Find the equation determining the values of « for which sin mz/sin z is 
stationary. 


Hence, or otherwise, show that, if m is an integer, sin?mz/sin?x never 
exceeds m?. 


82. A quadratic function of x takes the values ¥,, Yz Ys, corresponding to 
three equidistant values of x. Prove that if y,+y3>>2y,, the minimum value 
of the function is 5 

(Ys - Yı) 
8 (Y1 + Y3 ~ 2Y2) 
83. Show that (n +1)” (n +2)” >3”( |n )2. 


2 
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84. The digits of a number are 1, 2, 3, 4, 5, 6, 7, 8, 9, written at random in 
any order. Show that the odds are 115 to 11 against the number being divisible 
by Il. 

85. If m, n are positive, show that 

mn +L 
eT 


to". 


86. The coefficient of x?” in the expansion of (1+2%)"/(1—2)* is 
2”-1(n? + 4n + 2), 


87. If aX? + by? +E? =ax,? + OY +C = aLa + bys? + ez =, 
AL La + OY olfg + C&q23 = AL X, + OY3Y, + C232 = AX Ly + OY, Yo + C22, =f, 


prove that HX, Yı 2, |=(d-f){(d + 2f) lac}. 
Ta Y2 2z 
T3 Ys 23 


88. Prove that 

sing sinf siny |= —4sin }(B--y)sin $(y—a) sin (æ -— 8). Z% sin («+ B). 
cosa cos cosy 

sin 2x sin28 sin 2y 


sinta sin? sin? y |= -sin (8 ~- y) sin (y —«) sin (a - f) sin («x -+f +y). 

singe sinf siny 

cosa cosB cosy 

89. Denoting the number of combinations of n letters taken r together, all the 


letters being unlike, by „C, show that if r of the letterssare alike, the rest being 
unlike, the number of combinations is 


norertnrrte tn tl. (ner) 
Show that the number of combinations in groups of n which can be formed 
from 3n letters, of which n are a and n are b and the rest unlike, is 


nen ten n_1t3nCn_2 te $2, C 1+ (n+ 0), 
and show that this sum is 2" -1(n +2), 
90. Prove that if n is a positive integer, 

n m(n-1) , n(n l)(n~ 2) 

= a ae X ees 2a" os ; aoe id 

1? 1723 E E be 

n+1  (n+1)(n+2) 

=e%{] — ECE x + p a £? 


91. Investigate the convergence of the series whose nth term is 


2145+ +2) 
e 2 ni, 


ee 4 


92. Prove that 
FE yn md 
n(n+1) (n+ lin +2)" (n+2)(n+3) 7" ee) Qn(2n+1) jon +1 ` 
93. If #2+at+6 and #2+at—b6 both have rational factors, then 
a=Mpttv), b= Aput- 
where A, p, v are integers and pu is prime to v. 
[For instance, 1?+5¢+6 and t?+ 5t—6.] 
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eae, at ae Oe 
94. For the fraction rej Pee that p,+q,= |n+1. 


95. Discuss the reality of the roots of 
16a + 242? + 16k2+9=0, 
for all real values of k, and solve the equation when k=,/2. 


96. If ax?+2hx2+6>0 for all real values of x, show that 
a(x? +y*®)+6(224+1) +h {az+y+/3(t - yz)} >0 
for all real values of 2, y, z, the coefficients being real. 
97. 2” players of equal skill enter fora tournament. They are drawn in pairs, 
and the winners of each round are drawn again for the next. Find the chance 
that two given competitors will play against each other in the course of the 


tournament. Also show that if n=7 the chance that a given competitor either 
wins or is beaten by the actual winner is ïs. 


98. If there are four relations, 

A;a; + Bb, + Cc; + Dd; =9 for tel 2 3 ) $ 
(B, C)_(C, A) (A, B)_(A, D)_(B, D)_(C, D) 
(a,d) (b,d) (c,d) (b,c) (c,a) (a, b)’ 


99. If sin v=xy? where x? and y—1 are both small, show that 


show that 


j y? Pd 
(i) y=1i- 1 + 1440 approx. ; 
(ii) x?= —12(y—1)+$(y— 1)? approx. 


100. In the game of Craps, each player in turn acts as ‘ banker.’ The banker 
throws with two dice numbered 1 to 6. If he throws 7 or 11 he wins. If he throws 
2, 3 or 12, he loses. If he throws any other number, he throws again and con- 
tinues to throw until either the number he threw first or 7 turns up. In the first 
case he wins, in the second he loses. 

Show that the odds against the bank are 251 to 244. 


101. If u,u,_,+au,+bu,..+c=0, show that 
Un-~a PHa Una-« 


U,—-B ata Un1.-B’ 


where «, 8 are the roots of 
2i+(a+b)x+c=0, 

unless «=f, in which case 
1 l 2 


Upa Un y—-a a-b° 
Hence obtain the general solution of the first equation, and show that the 
results so obtained agree with those in Exercise XXXVIII, 15, p. 372. 


102. If 1 COS x 0 0 ==(), 
COS x 1 cosa cos B 
0 cosa l cos y 


0 cosB cosy l 
prove that sin?y sin?x =cos*a + 00878 —2 cos œ 008 B 008 y. 
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b cd be ad 
103. If SSSA me E a A -— =Z, then either F An l=0 orz=a4-c. 
b+x d+y x y b d 
104. If a?x? + by? +e?z?=0, 
ax’ Be 6743 + c2z3 ie 0, 
and E are 
l z y z 
prove that atx? + b4y3 + c4z3 =0, 
and aoa + by + c82? = atx? -+ b4y? + c42?, 


105. X and Y are two places on a road, 4 miles apart. A man A, starting from 
X at any time between one and four o'clock, walks to Y at 4 miles an hour. A 
man B, starting from Y at any time between one and four o'clock, walks to X at 
4 miles an hour. Show that the odds in favour of the men meeting on the way 
are as 5: 4, all times of starting being equally likely. 

[Suppose that 4 and B start at x hrs. and y hrs. past one, respectively. Taking 
axes Ox, Oy at right angles, set off OL =3 units along Ox and draw a square 
on OL. The total number of cases is represented by the area of the square, and 
the number of favourable cases by the part of the square between the lines 
x- y= d:l] 


106. Show that, in a game of whist, the chance that a hand is void of a suit is 
about 35. Also the chance that in:25 deals a certain player has a hand void of 
a suit at least twice is about 0-358. 

[Chance that a hand is void of a suit=4 . C23 --C3j. 


107. If w=ax' + 4br? + 6ca?+4dx+e and t is any root of 
4(x+H)?-al(xa+H)+a8J =0, 
show that the roots of u=0 are given by 
(axv+b+ /)?+t+3HFG//t=90. 
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EXERCISE XI 
94, 3. 4, -2. 4. Ll, - 2. 5. 4, - 6. 6. 2, 0. 
Tael 8. 3-1, -3. 9. 7, — 6. 13. 4. 
14. 6. 15, 3, 6, —4. 16. 2/3. 17. 3/2, 2/3. 
18. 2, 2, 2/3, — 1/2. 19. 3/2, 2/3. 
EXERCISE XII 
99. 17. —a, —b, -4(a+b +N 3a? + 2ab + 362). 
EXERCISE XIII 
1 l l 1 1 3 6 
Pe Tere r a e Iy z132 x 
3. ae e a e a; 4, oe ee 
x-3 x-2 (x-2)? (x%-2)8 x-l x?+x+l 
5 2 x 6 3r+2 22+) 
'æ-2 at4+242° "243 +2’ 
7 x+2 x-3 _ e-2 
"gt—a+] (z3-x+1) (2?-x2+1)3- 
8 Oe A Rl 
' 3(æ-1) (w@—1)? | 3(z? +241)" 
fe, 
“241 4¢4+2 (x+2} (x+2)8 
ge, 
x341 (2274+1)? (x2?+1)} 2?+2 
i E a [oit : itar] 
“ted (3+1) z242 9 Là(æ+1)} atta+) (z?+x+1) 
13. E ENTREE a, 
4(x-1) 4(x+1) 4(x-1)} 4(x+1} 2(x-1)8 2(x+1) 
14 al 2+N2 E 2-N2 7] 
i 224 /2a+1 x?-yVy2x+1 
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PAGE 


104. 


105. 


116. 


117. 


15. 


16. 
18. 
19. 


ee 


142 


(a- 


HIGHER ALGEBRA 


l-ar I-or’ 
2a(a+b)(a+c) 1 a? l 


b) (a-c) 


(att) bnti) amt. — ab(at +bn)ant?, 


"aA 17. EE a er 


Put x =d in Ex. 17. 


at+at+b+c42 


n+l’ 
n(3n 


( 


— 3n — l1) 
21. 


+7) 


` 20(3n +2) (3n +5)" 


n(3n +1) 
4(n+1)(n4+2)° 


n(29n? + 138n + 157) 
36(2+-1)(n4+2)(n +3) 


J 
ee 
= 
i+ 
sas 


1 


or 


17. 
1 


a 
140 48 


a-b)(a-¢)' x-a 


10. 2926. 1 
2 (3ni Onl). 1 


4 


; put x=d. 


EXERCISE XIV (A) 


. $n(n4+1)(n+2)(n+3)(n +4). 

» 3z (3n - 1) (3n + 2)(32 +5)(3n + 8) +32. 

. 3n(2n+1)(2n—-1). 

. n(n +l) (n +2) (38n4+ 1). 
yan (n+l) (n 4 2) (32+ 13). 

. an(n? +n — 1). 

 psn(a tL) (n 

. pent + 1)2 (4+ 2). 

. (i) in (6n? 

. 220. 


4, gn(n+1)(2n +13). 

6. ~yn(n + 1)(n +2) (34+). 

8. in(n + 1) (3n +1)(3n — 2). 

1. 286. 12. 50336. 13. 4300. 
5. an(n+1)(n +2). 


; (ii) an(n — 1)(9n? — 9n — 2), where n> 2. 
344. 23. 715. 


EXERCISE XIV (B) 


Fi n(n +3) 
" Qn4+1° " 4(n+1)(n+2)- 
n(n? +6n +11) 
` 18(n+1)(n +2) (n +3)" 
n(4n +5) 
3(2n +1) (2n +3) 
e a, 
D 2.4.6....(2n4+2)° 
1- (n+ l)x” +ng”t 
(1 — x)? 
a — a — {a + (n - lyde" dri re) 
l-r "(= r)? 


11. 


13. 


, 34 — (4n? +12n4+17)/2"-. 15. n ai n+1)z}. 


.(2+1-1. 


(1-7-5 Das)? 13; Tay 


"140 4(2n+7)(2n+9) _ E Ga 


l 
~ (2n +3) (2n +5) (Qn +7)(2n +9) 

l l 1 8 

m43 m45 In+7 m49 


PAGE 


117. 


118. 


165. 


20. 1 


22. 


O q ao Pf oo 


12. 


13. 


14. 
15. 


16. 
17. 


20 


‘x-1 2k-1 


sk 
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vr l-e” ne” n(n + l)e” 
~ (@+1)(@+2)...(e+n)° (I=) (1-8) (1-2) 
n(n+1) an | 1 1 1 
aln +2)" nad 3 errr ers 
l where k=2” 27 ee ae 
‘ j l-r l-r?’ 
1 


(+a) (l +a,)... (1+ an) 


where k=2". 


EXERCISE XV 


. (i) a3 +83; (ii) -(a?+b?)2; (iii) 36. 


(i) (B- y)(y- a)(y-B)s (Gi) (B-y)(y-a)l(x-ß)l&x+ß+y); 
(iii) (ye — v)(v — A) (A= p). 


EXERCISE XVI 


. 0, +NV3(a? +b? 4c?). 
. 392 = 30? + 20? + 142 + 52. 


EXERCISE XVII 
43,35, -zva; (ii) 1, -2, -1, 3. 2. 3:-—2:10. 3. —3/2. 


EXERCISE XVIII 


. (2, 0), (0, 2), (—F 4431, -4F F), (-2 +2, -2 F wv). 

. (L4EN2, LF 4V2), (- è +4757, — $F N57). 

. (0, 0), (+3, F 73), (+e, F1). 6. 2, 3, 4, in any order. 

. 2, l, 4, in any order. 8. (3, 5), (- $, 3), (ł, — #2). 
. 0, 1,1), (-4, -%, 7). 

. £, wt, we=4 or —V36; Y, wy, wy =2 OF — 9/162. 

. (4V5 +43, N54 20N3), (v5 42N3, N54 NB) 


or x= —y=a fourth root of $. 

[Use the identity, 24+ xy? + y4=(x?+ xy + y?) (x? -xy + y?).] 

The only solutions are (0, a), (a, 0). [Remove fractions and show that 
xy =0 or a’, and that the latter alternative is impossible. ] 


0, D, Gs + (a —6)(a+30) a+b +v (b — a) (b =) Cui aean 
2a 2b 
rangement of signs. 
x=$ {1 +./(1+4 26+ 2c —2a)}, etc., with any arrangement of signs. 
x= +(a7b? + a*c? — b?c?)/Jabc, etc., the upper or lower sign to be taken 
throughout. 
kx =a*(b? + c? — a?), etc., where k? = (b? + c? — a*)(c? +a? — b?) (a? +b? —c?). 
(a, b, c) or x= (ab — ab?c — 1)/(ab%c? —b?c + b), etc. [Put x=ata, 


=b+p,2=c+t+y. 
4 äi i. B.C.A. 
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165. 


166. 


167. 


177. 


184. 


HIGHER ALGEBRA 


18. (1,1,1) or x=(a+b+c)/(a-b-c¢), ete. 
19. (1,1, 1), (-3, —3, -3), (+42, +./2, 1F v2), in any order. 
20. (3; F —%). 


2 

21. If A=+/(0?+c?-a?), B= +/(c?+a?-67), C= +:/(a?+6? -c?), 
then 22=B+C, 2y=C+A, 22=A+B, giving eight solutions. 
[Show that 2x(y—z)=6? —c?.] 

22. (+Nac, +Nbc), (4(a-b+c)4V7Q, #(b+c-—a)F VQ) where 

Q = Lia? — 2 Xbc. 

23. If Lbc40, the only solutions are (0, 0, 0), (a, 0, 0), (0,b,0), (0, 0, c). 

If Zbc=0, the equations are not independent. [Show that 
x(y —z)/bc=...=....] 
b8c3 + c3a3 + 2363 — 3a*b?c* 
a(ca—b*)(ab—c?) ’? 

25. (-1, -1, -1), (4,4, 4), ($, 3, 0). 

26. The values of x, y, u, v are (3, —2,%,%) or (-2,3 

M CY Sr ya: 28. (3, 4). 

29. (2, 1), (-1, - 2), (-5, 4). 

31. a” +b? +c=a?(b+c)+62(c+a)+c?(a+b). 

32. (i) Subtract the second equation from the first, and divide by x-y; 
(ii) prove (x?+y?)(1-—xy)=2at-a5; then, from the fact that 
x, y are roots of (2a-1)t?+a(2a-—1)t+a?(a-1)=0, obtain 
(2a — 1) (x? + y?) =a’, (2a — 1) (x? +y?) =a? (a - 2), and thus 

xy =2a* —a + 1 =a?(a — 1)/ (2a — 1) 

from (i); for (iii), (iv), (v), multiply the result (ii) by a+- l, and 
obtain 3a -= —2a—1, and the results follow. 

34. 2x(b+c-a)=... =... — Za? +22Zbe. 

39. (a — 3ab? + 2c?) (at — 3a2b? + 364 — 4ac?) + 16d? (a? — b?) =Q. 

40. a4+64=c?(a?+5?). 

42. 16:5: -21. 46. (bc + ca + ab) (a? +b? +c? — bc — ca — ab) =0. 


24. (0,0,0) or x= etc. 


ain 
nics 


> By Š) 


EXERCISE XIX 


< $ (3 4/5), $(5 +./21). 2. ( -7 43/5), $(1 +143). 

» ġ( -1 v3), ¢(- 1 44/15). 4. (+5), 4(-7+/33). 

1, $}(-3 40/15), 4(- 1 40/15). 6. —1, 2 +43, }(1 +1435). 
-1, —1, +e, $(3 +247). 

. 1, £0, [344/33 £4/(6./33 — 42)], 4[3 — V33 tuy(6/33 + 42)]. 
-1, 1,9 (= +3). 16. k= -3. 


WO 90 nT oT Oo Pe 


EXERCISE XX 


1. (i) 268061 ; (ii) 0-80125 ; (ii) 4-22524. 
2. (i) 2cos 40° or 1-53209, 0-34730, — 1-87939. 
(ii) 069073, 0:11479, ~6-30553. 


PAGE 


198. 9. 


199. 


214. 


233. 


254. 
290. 


264. 


265. 


282. 
283. 


10. 


13. 
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EXERCISE XXI 


—~1+4N2, 1 +22. 
.4(-14V5 4/0 -2+6V5), 4( -14V5 +1V24+6N5). 
. 4(1 £V13), 4(1 £eN3). 12. 3(1 +5), 4(3 +17). 
. -2 4v2, -4 490, 


Na? a! + 1) (x? -3x +3), {x? — x(2 — 3) — 3} {0? — (2 + V3) +3}, 


> {x? — 2x +3(3 + v3) {x2 — Qa +4(3 — 1/3)}. 


. V5 + X 2425, -N54 af 2 - 2V5; the other substitutions are given 


by g?+2q¢+5=0. 


. Roots as in Ex. 10; the other substitutions are given by 


16t? + 4t -3 =0. 


EXERCISE XXII 


. N2 =y? 9y); N3= -4y -11ly); V¥2-V64+3=(y+5)/(y+1). 
. xt- 10x?+1=0; y?-18y-110=0; 29 -—15z8 -117z - 125=0. 


EXERCISE XXIV 


. (i) Oscillates between 1 and 3; (ii) diverges; (iii) oscillates between 


-2 and +2; (iv) converges to 2; (v) diverges. 


EXERCISE XXVI 


. (i) Convergent ; (ii) oscillates finitely. 

. Divergent. 8. Divergent. 9. Divergent. 10. Divergent. 

. Convergent. 12. Convergent. 13. Convergent. 14. Divergent. 

. Convergent. 16. Divergent. 17. Convergent. 

. Divergent if p-q+1 20, convergent if p—q+1<0. 

. Convergent. 20. Convergent. 21. Divergent. 22. Convergent. 

. z<]. 24, xz<l. 25.xv<l. 2Wer<cl. 27. x>1. 28. e<1. 


. >da. 30. x41. 31. x<l. 38. h. 
. H, 40. 2. 41. 3%. 


EXERCISE XXVII 


(i) Between 74(5- 41) and }, or between 2 and 4(5 +41) : 
(ii) if |x| <4(V 41-5). 
l-i. 

EXERCISE XXVIII 


hÈ 20,-0. 33,0 41. 5.7/3. 6 ©. T. oe% 8.1. 
. (i) 2{(ab’ — a’b) x? + (ac’ — a’c) a + be’ — b’c}/ (a'x? + 2b’x +0’)? ; 


(ii) —(1- x) *(1 + x) ; (iii) (a? — 2x?)/ (a? +a2)8 ; (iv) nsin”! x cosg, 
(v) -n cos" xsinx; (vi) n tan” x sec? x. 
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283. 


284. 


304. 
305. 


o15. 


322. 


323. 


339. 


349. 


350. 


16. 
21. 
25. 


21. 


29. 


HIGHER ALGEBRA 


(i) — (hat by +f) (ax+hy+g); (ii) (2° -ay)/ (ax -y?). 

Y = ax. 24. 4/27, when x=1/3. 

1, 7/4; the graph has a point of inflexion at (1, 0), where the gradient 
is zero; another at (3/2, -1/16), where the gradient is -— 4; a 
minimum at (7/4, — 27/256). 

Between x:-= —2 and x=0, and for x>3; max. at (0, —1); min. 
at (-—2, —65); min. at (3, — 190). 

18 cubic inches. 

EXERCISE XXX 
. a=?2, x=1, 1, 5/2; or a=}3%, £= 3/5, 3/5, 5/6. 
. Use £x? = —278(x+3), and substitute the values of Xr’, 2x’, Zx. 
EXERCISE XXXI 
. 2e 3e 4 e-1. 5. 3e/2. 6. 1-2/e. 7. 15e 8. —l/e. 
l 
a l)e” +241]. 
EXERCISE XXXII 
. (ii) 0-84510. 6. (ii) 104139. 7. (ii) 1-11394. 
. —3/4m; +1/(4m+ 1). 10. log, 2. 11. 2 log, 2-1. 
: 1 l+/c 1 7 

2 —log, 2. 13. Ta log lo va + 57 log (1 —2). 

l ') l+ A 

Z 6+(a— log Toa 

b l c 6 l 1 
omg ta) “atg a? b=] =g = 
; DR ; 0:3010299957 
5 1 
ae ya 2 Oo 2 
À a a a — + 59(6 x?) log (1 - x). 
64304202) 427 * 4 (8 — 28) log (1-2). 
A (1 — x)? taz 5 
EXERCISE XXXIII 
. Convergent for all values of 0 (see Art. 11, Ex. 1). 
. (i) If y>a+ß+1; (ii) if yoou+B. 
EXERCISE XXXIV 
. 8th term. 2. 11th term. 3. 8th term. 4. 5th term. 
. 6th and 7th terms. 6. 5th and 6th terms. 
. t<a<$. 8. llth term. 
. 10:0033322284 ; 5. 10-33. 22. 1-414214; 5.107’. 
. 1-5860098 ; 5. 10-8. 24. 1-70998 ; 3.108. 
. 12431626 ; 4.1078. 26. 1-319508 ; 3.107. 


PAGE 


306. 10. 
11. 


12. 


13. 


309, 1. 


865. 1. 


866. 4. 


870. 1. 
871. 8. 


. A.2” 4 B.3n+4(4n +7). 
T 


=P al 


384. 1. 
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EXERCISE XXXV 


(1+ 2)"-?[1 + (32+ 2) a+ (n+ 1)22x*]. 


Linea" 


(14-a)” 


(1+ 0)" 


(n +1) + 1)(n +2) 


~ ` D-—. NG. oy O) 
P Q, where F (n+ fuer Ty, 


(i) 144x + lla? + 2623 + 5724 + 12025 ; 


(ii) 1+ 20+ 2x? — 423 — 3444 — 1482 ; 


(i) (1 +3"), 4 
sy a 
(ii) 2/2 


4,(20n -- 27 +337”), 1(20n? — 


~ 2(n+1)x 


P-Q, where Q= 


l 


2(n+1)x 
_ ___(i+a)" 
~(n+1)(n + 2)(n +3) 


Zz) z 


3 


Ta 


i 


575 


l 


1) (n+ 2)? 


27n+3 n 1 
Paren E a tie and 


 (n+1)(n+2)(n +3)" 


13 


m+ (n42 (n43) 


| ne 4n2 ~n+2— 


and 


52 -~n-9 13n 13 
5 + 


EXERCISE XXXVI 


Oni?» 3, 


~1+3.2"— 3". 


EXERCISE XXXVII 


(2n ~ 1+ 3”) ; 


(A = /2)"], P0 N2) (1 = 9/2) 99, 


4 (23 - 3n) 2"-2 + ( — 1)"]. 


ZTR, 


tn = [n+ 1| utu -2u j5- 3 


2 
dn — 
Yan = Qn 


l 


z? -+ 2x- l. 


2n — 


6. 


34n +27 —33-”), 


4 8e? 


EXERCISE XXXVIII 


] 


3 


Ga 
4i 


"on — 


— 5)” 
2 

1 a 
u 


EXERCISE XXXIX 


2. (i) $n(4n? — 


bd 


3 


Usni = 


1); 


+... +( 


11. A. 2"+B.3"4 Ay. 7H, 


(ii) 


) — (n? + 6n + 13). 


In n-2 
Qnt+1 2n-1° °° 


a(n" + 15n? + 25n? + 15n +2) 


576 HIGHER ALGEBRA 
EXERCISE XL 


PAGE 
a, +2 +3 +4 
394. 1. (i) 4, 3 8>» 3, zaz > (ii) 1, 0 > 3’ yo" 
1 1 1 1 1 1 1 1 1 
UE oe a ao ae ee 


A RE A pes, A ee ee 
a-2+ 14+ 2(a-1) 1’ a-2’a-1 2a®-3a ` 


EXERCISE XLI 


412. 8. $5=0-242253 ..., z =0242268 .. 
10. 125 yards ; 3 inches. 


EXERCISE XLII 


419. 1. (i) 127, 55; (ii) 30, 13. 2. 194+ 27¢, 1 +80. 
3. 74+8t, 8 +271. 4. 94+ 13t, 20+ 29t. 
5. 29+41¢, 12+ 172. 6. 24+ 7t, 11+ 12¢. 
7. 155 + 225t, 137 + 199¢. 8. 6, 1. 9. 1, 20; 8, 9. 
10. 39, 8; 0, 20. 11. 2454. 12. 4-3; H-B. 
13. 3,4; 13, 10. 14, 57, 43. 
420. 17. 67. 18. 13, e=205-17¢; 12, x=201 — 17t. 
20. 14, 2,3; 1, 138, 8. 21. 11, 3,7. 
22. 2,1,3; 3, 2,2; 4, 3, 1. 23. 2.3.7. 


24, 1149 ;- 1149+ 15400. 


bo m= HB o> G bo 


1 
2 
1 
1 
2 
1 
8 


27. One; £12 12s. 


d. 


EXERCISE XLIII 
428, 12. 2,9; 3,6; 4,13; 5,7; 8,15; 10, 12; 11, 14. 


EXERCISE XLIV 


. (i) 9+13¢; (ii) 754778; (iti) 379 +7708. 

. (i) 1494+179¢; (ii) 30+ 1798. 

. (i) 78+1217t; (ii) 1800+ 1861ż; (iii) 540+ 1009¢; (iv) 1683 + 19018. 
~getitteh—-. 9, $+4+44-2. 10. 30k+ 1. 
+17+ 77k. 12. 3+23t, —7+23¢. 


434. 


435. 


m 00 0 Ne 


pà 


PAGE 


435. 


442. 


444. 


445. 


447. 


456. 


466. 


13. 
15. 
16. 


14. 
16. 
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+134 66t, +9 + 66t. 14. 1735 + 3465, etc. 
2,4; 22+1=(mod 7) has no solution. 
+2, = 3, Ta 4. 17. 3. 


EXERCISE XLV 


. 1, 10, 5, 12, ctc., i.e. those of 19 in reverse order; 1,7, 11, a period of 3, 


since 7 is the 6th number after 1, and 6 is a factor of (19-1); 
21, 25, 27, Ql 283, 217, or 2, 13, 14, 15, 3, 10. 


. 1, 3, 9, 10, 13, 5, 15, 11, 16, 14, 8, 7, 4, 12, 2,6; 3?"+, i.e. every other 


number in the preceding, since 2n+1 is prime to 17-1, 
or 3, 10, 5, 11, 14, 7, 12, 6. 


. 99999 is divisible by 41, hence recurring periods contain 5 digits ; 


2, 20, 36, 32, 37, the remainders in the division of 2 by 41. 
If n=4l, n’=271; n=123, n’=903342366757. 
Because p—1 occurs as a remainder. 
EXERCISE XLVI 


2. 15. 3. 5. 4. 25. 
6. 2, 10, 19. 7. 19k +9, 19k? +18k +4. 


EXERCISE XLVII 


. 15. 2. 10. 3. 4. 4. 4. 5. 5. 


EXERCISE XLVIII 


(-2, —1), (1, 2), (3, 4). 3. (—8, —9), (13, 14), (14, 15). 
(-6, —7) and two in (0,1). 5. (-9, — 10) and two in (3, 4). 
(—3, —4) and two in (5, 6). 7. (2, 3), (3, 4). 

(1, 2). 9. (-2, —1), (0, 1) and two in (1, 2). 
(-—6, —5), (-1, 0), (4, 5). 11. One root in (1, 2). 


EXERCISE XLIX 


. 1-3569, 1-6920. 2. 1-7838. 3. 2:6306166. 
. 16-0428539. 5. 0-3472964, 1-5320862, — 1:8793826. 
. 0-1147994, 0-6907309. 7. 13-8440609, 14-2895592. 

. 52100150, 5-2973245. 9. 17-7459667, — 1-9216606. 
. 1-2783089, 1-5511616. 11. 1-4007219, 1-5823564. 

. 10156820, 1-52858586. 13. 3-4334634, 3-6617081. 

. 1-7320508, 1-8666161. 15. 4:4707625, 4:7814825. 

. 259861938, 2-76190631. 17. 2-1010205, 2-1084952. 

. 7:3355540. 

. (i) 3-3548487 ; (ii) 4-4641016 ; (iii) 0-6386058. 


506. 


506. 


523. 


524. 


526. 


541. 


542. 


HIGHER ALGEBRA 
EXERCISE LIII 


1. (i) 6720; (ii) 480. 2. |n-1/|r. 7. CER ER a ROEE aE 
9. 1024. 10. 116280. 
13. (i) 44; (ii) 20. 17. (i) 1895040 ; (ii) 145680. 
20. |n. In. 22. (i) 1771; (ii) 969; (iii) 885; (iv) 165; (v) 552. 
27. (i) 57 5 (ii) 47; (iii) 15. 28. 23. 29. 42. 30. 15. 
EXERCISE LIV 
E eee 
EXERCISE LV 
1. (i) 6/55; (ii) 4/11. 3. 14/33. 4. 5/33. 
6. (i) 1/386; (ii) 5/12; (iii) 5/9. 7. 1/8. 
8. (i) 1/12; (ii) 125/1296 ; (iii) 155/648. 9. 25. 
10. 23 6/270725. 12. (i) 1/7 ;. (ii) 2/7. 
13. (i) 2/n; (ii) 2(n-m—I1)/n(n—1);5 (iti) (m+1)(2n -m — 2){n(n — 1) 
15. 1/2n. 18. (i) 20/27, (ii) 496/729. 
19. (i) I/n; (ii) (a —1)/2n ; (iii) (n — 1)2n. 21. (n+1)(3n 4-2) pence. 
22. (i) 2162/54145 ; (ii) 2257/54145. 


» (i) LP, po(1 ~ Pa) (1 — Pa) = LD Po a BPP Pa +PP PaPa ; 


(ii) EPP ~ 2EP PaPa + 3Pi PoPa Pa 


24. 73/648. 

25. (0-55). 

26. (i)p=|8.51-50- 1v=z0823; (ii) p’= [4.55 30.48. a =D 
(iii) yep + isP <p. 

27. (i) p=3. 3i. $0. io 833S (ii) p'=6 . 35.34.13. Hp; 
(iii) p + asp’ =P- 

29. (i) 6/r(n-1); (ii) 6(n-3)/n(n-1); (ii) (n-3)(n-4)/n(n - 

33. (i) 1/6; (ii) 7/9. 34. (i) 1/4; (ii) 2/3. 

35. 1/2. 

36. (i) pp'p” to (1-p)(1-p)(1-p”); (ii) pp'(1-p”) to (1—p)(1 —p’)p”. 


EXERCISE LVI 


(i) (2, 1), (50, 31); (ii) (3; 2), (29, 18); (iii) (5, 2), (12, 5). 
(i) (25, 1), (623, 25), ...; (7775, 312), . 
(i) [$a(a-1) +1, $(a-1)]; (ii) [4a(a ERE EEN 


71. 


76. 


79. 


85. 
87. 


i) +3") 5 (i) 


x-4 
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MISCELLANEOUS EXERCISES (A) 


, n? or n?—l and n?4+1. 4. (iti) 4-443- r+; t-or tat - roter. 
,ate-b-d, a+d-b-c. 6. x£z=-}. 8. 36r! - 156r? +25=0, v$+ŁvĖ. 
.Nea+Ndy+Naz+Vbt=0, Vdx+Nvey+%/bz+Nat=0. 


, y -3y2-y+19=0. 12. 4-2, lv - 15, 19. Sab( Dab — Sa?) 
J/3 4 
. ab=c+l1. 23. x=d(n+1) or ł{n+l4y(l- r°). 


. a+bA40 and c (a-b) +c, ~Cc=2a —b. 


. (i) Convergent if |x| <1 or if z=-1. Divergentif |z|>1. When z=1 


the series is convergent if p> l, divergent if p<. 
(ii) Convergent if p>}, divergent if p<. 


VŽ FL a2)" = (1 - V2). 


. d8 (a3 + b8 + c? + 2d?) =a3b3c3. 


a? (aa — Q3) (a3 — Ay) (Ay — Gq) 


-~ Ha Ha-a) 


. If a>9, none real, -7 <a <9, four real, a< — 7 two real. 


. 46x= -24 +15 42k +10. 23 k2 where k=1, w or w’. 


1 


a3 oe — t 
e T= Y= 2s a= 4 


. 22-2452 or $(5+4,/17). 43. 206 + 210n. 
. Equate the factors to P+Q, P+wQ, P+w?Q. 


a log (1 - x) s . 54. Convergent unless v=+4+1. 56. 0<y<4(b-a). 


.a=1,0=0. [y=0,x=1,2=4, are asymptotes; yis a minimum at (-2, —4).] 


b? + c? — ab — ac x æ g 


E Matec ° 50’ y 7. ges ee 
/9. T4, — +e--, -l-e--. 


wa 1\™ 2 /8\2 /4\8 n\n 
(i) Since (1+2) <e<3, oe + (5) (5) see (4) <3 . 


(ii) Consider the arithmetic and geometric means of the factors of 
LP a E en 
when written at full length thus 1.2.2.3.3.3.... 
6 (x? — 12x + 4) 


x? — 20x + 4 PES 


Minimum values when (i) =a, (ii) <=}(a +b). 


#7 is a maximum value; 0 and —4%8 are minimum values. 


580 HIGHER ALGEBRA 


a 3a? 


a 3a? 


91. 0, 2, œ. 96. 1+-+—, 2-a, 34+=-—. 


2 8’ 


2 8 


99, Put p=l/m, q=1/n. 102. 9-46, - 10-47. 108. 44, 64, (+v - 151). 
110. — 4-61015. 112. — 0-68233. 


2 
123. Take lerk o an as 


3. 


65. x= 


66. 


67. 


. The values of —a, b, c are p? 


E aoe (ait) 


MISCELLANEOUS EXERCISES (B 


U ra 

3 3.5 3.5.7 3.5.7.9’ 

(iii) g, =0, Yen+3 = 3+ 6n, liną = 5+ 6n, 
Jiny = lins 52+ 2n, forn=0, 1, 2,.... 


(il) ga=n ; 


. An(n + 1)2(n +2). 


(q-1)(r-1) 
(p-4)(p-r) 


. 1, 74, 0. 29. 16 and 0. 
. 24+ 8e+32e and l 3 te 
€ 


(i) Convergent if | x |< 4, divergent if x > 4, oscillates if «= 


(ii) Oscillates between finite limits. 


. D = IT(a, + Agw + Maw? 4 dw? + a,w*)?, where w? =p 
. Put t=ath, y=a+k, z=a+l, where h, k and 1-+0. 
. 5-674619. 44. (log x)?, 21087, x?, xlogz, 2%, ef, x”. 


 (à—b)(à-c)(Àà-d) 
~ (a -b)(a —c)(a —d) 


, etc. 


c-a _ c-b jad —c+abe 
lya’ TIF’ ~~ 1+bc+ca—ab’ 
Put x=tan X, y=tan Y, z=tan Z. 
po Z+- Hr (Gn - 4) 
1 © Bjr- ae -1 l 
Converges absolutely if |z|<}, diverges if |z|>4. 
verges, but not absolutely. 


= = (8e? +4e-1), The sum = 


) 


. 3- 35% — 3342 and 33h, where & has the values 1, w, w? 
. n is of the form 6k+1. 


-l 59. (log a — log b)/(log c — log d). 
. Let «, B, (a< B) ) be the roots of Zl(x — b)(x —c)=0. 


and similar expressions. 


— 4. 


(i) If l, m, n are odd, 
t=a gives a max. and x= a min. value. (ii) Ifl, m, n are even, t=« 
and x= give max. values, and x=a, 6,c give min. values, each zero. 


If |z|= 


=1, it con- 


68. 


69. 


71. 
73. 


75. 


84. 


85. 


91. 
95. 
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x-k a y-k = z—-k 

(a’—k)(b’-k) (a-k)(b-k) (a -—k)(b- k) ` 

If A> 2, the roots are all real ; if 0<A< 2, two are real and two imaginary ; 
if à< 0, all are imaginary ; equal roots if A=1 or 2. 

0-8489892. 

For the first part, use Chap. XIV, 15, p. 223, putting m= —1. For the 
n r n+l z 2 

38n+1 4n+1 ~3° 

(log x)/z increases as x increases from 0 to e and decreases as x increases 

from e to œ. 


second part, show that the sum of the series < 


1 1 
(i) One root if O<n<1; two roots if l<n<e*; no root if n>e*, 
(ii) n° >a" if e<n<e, orif ecn<a. 
A rough graph of (log x)/z should be drawn. 


Consider the number of ways in which 4 digits can be chosen so that their 
sum is 17 or 28. 


n— l m+1 
This is so if n ( l- a) >l; then use Chap. XIV, 11. 
n(m+1) 


Convergent; use Euler’s constant, p. 311, and comparison test (iii), p. 250. 
If k?<4, all the roots are imaginary; if k?2=4 two are real and two 


imaginary. 

If ka 2. 2 5455 (+0008 -sin é or 
= y2 2 3) 

& ł 


iti (cosg +8in 5 5) where tan @=,/2. 


INDEX 


The numbers refer to pages. 


Abel’s inequality, 330 

test for convergence, 331 

theorem on multiplication of series, 338 
Absolute error, 15 

least residues, 421 

value, 13 
Absolutely convergent series, 256, 261 
Aggregate, 14, 211 
Alternating functions, 45 
Amplitude of complex number, 56 
Argand diagram, 56, 77 

product and quotient, 69, 70 
Arithmetic mean, 221 
Arithmetical progression, 

terms, 8 

Approximations, YVA, 15-17 

to roots of equations, 456-461 

to sums of series, 260 
Approximate value as a fraction of 

(1 +2) (Newton), 347, 348 

of log, (1 +x), 323 

of log, (a/b) (Napier), 323 
Archimedes’ axiom (Eudoxus), 13 
Associated residues, 425 
Associative law, 13 
Asymptote, 473 


residues of 


Bernoulli’s numbers, 113, 114, 378 
theorem, 115 
Bessel’s interpolation formula, 381 
Bicycle-gear as revolution counter, 435 
Bilinear substitution, 80 
Binomial equations, 170, 171 
solution of xY —1, 173 
Binomial series, 263, 328 
for complex variable, 334 
Binomial theorem, 34, 294 
general statement, 340 
elementary proot, 342 
Euler’s proof, 341 
Biquadratic equation, 186-199 
condition for four real roots, 192, 453 
Euler’s solution, 190 
Ferrari’s and Descartes’ solutions, 189- 
192 
functions J, J, and the discriminant 
A, 187, 188 
reducing cubic, 187-191 


transformation into reciprocal form, 
194 
Tschirnhausen’s transformation, 195 
Bordered determinant, 138 
Bounds of a function, 286 
of a sequence, 237 
Brackets, introduction and removal of, 
258 


Cardan’s solution of cubic, 180 
Cauchy’s condensation test, 325 
test for convergence, 253 
Change of order of terms, 249, 258 
Cofactors of determinant, 123 
Combinations and permutations, 493 
Commutative law, 13 
Comparison tests for convergence, 250 
Complex functions of a real variable, 279 
Complex numbers, 52 et seq. 
modulus and amplitude, 56 
product and quotient, 69 
use as operator, 76 
Complex sequences, 243 
Complex variable, 291, 334 
in binomial series, 328 
limits and continuity, 292 
roots of equations, 66 
Composite numbers, 4 
Conjugate numbers, 60 
partitions, 402 
Congruences, linear, 428 
reduction of, 433 
x*=b(mod p), 445 
Continued fractions, 389 
approximations by, 402 
equivalent surds, 401, 527 
calculation of convergents, 535 
Continued product, 33 
Continuous functions, 269-271 
variable, 266 
Continuum, 212 
Convergence, general principle of, 235, 
240, 244, 257 
Convergence of infinite products, 486 
Convergence of sequences, 231, 235, 244, 
257 
Convergence of series, 247 et seq. 
binomial series, 263, 328, 334 


INDEX 


comparison test, 250 
hypergeometric series, 328 
(for other tests see under the respective 
proper names) 
Cube roots of unity, 65 
Cubic as sum of two cubes, 182 
Cubic equation, 85 
auxiliary quadratic, 182, 184 
Cardan’s solution, 180 
character of roots, 180 
functions G, H, and the discriminant 
A, 179 
irreducible case, 180 
roots as power series, 469, 472 
Curve tracing, 474 et seq. 
Cusp, 474 
Cyclic expressions, 46 


D’Alembert’s test for convergence, 252 
Dedekind, definition of irrational, 201 

theorem on section of system of real 

numbers, 211 
De Gua’s rule, 90 
De Moivre’s theorem, 59, 63 
De Morgan’s and Bertrand’s test for con- 
vergence, 330 

Derivatives of polynomials, 273 

of a”, log a, x”, 309 
Descartes’ rule of signs, 88 
Determinants, 119 ef seq. 

bordered, 138 

expansion, 132, 137 

minors and cofactors, 193 

product of two, 134 

reciprocal, 136 

symmetric, 138-140 

use of remainder theorem, 126 
Differences, method of, 106 
Differentiation, 273, 276 
Dirichlet’s test for convergence, 331 
Discontinuous functions, 269 
Discriminant of biquadratic, 188 

of cubic, 179 

of quadratic in x, y, 30 
Displacements and vectors, 70 
Distributions, 494, 496 
Distributive law, 13 
Division (mod 7), 432 
Division transformation, 24 
Divisors, number and sum of, 6 
Double points on curves, 473 
Double roots of equations, 42 


Elements of set, 14 
Endless decimals, 16, 203 
Equation of a plane, 154 
Equations, cubic, biquadratic, 85 
equivalent systems, 149 
numerical, 447 
rational roots, 92 
symmetric functions of the roots, 95 
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Errors in excess and defect, 15 
Exclusive events, 509 
Expansion of f(z +h), 35, 290 
Exponential curve, 309 
function and series, 19, 306, 312 
inequalities and limits, 232, 306, 310 
values of sine and cosine, 313 
Exponential theorem, 307 
Expectation, 514 
Eudoxus, theorem of, 13 
Euler’s constant, 311 
solution of biquadratic, 199 
theorem on polynomials, 301 


Factorial n, powers of primes in, 9 
Factors of cos mo — cos n0, 68 
of x” + 1, 64 
of x?” — 2x” cos 0 +1, 68 
Fermat’s theorem, 424, 433 
Euler’s extension, 425, 437 
Ferrari’s solution of biquadratic, 189 
Finite difference equations, 363, 367 
Fouricr’s theorem on position of roots of 
an cquation, 454 
rule in connection with Newton’s 
method, 457 
Function of a function, 271, 278 
Fundamental laws of arithicetic, 13, 53, 


54 
of order, 12 


Gauss’s test of convergence, 327 

General principle of convergence, 235, 
240, 244, 257 

Generating function, 362 

Geonietric series, 248, 262 

Gradient of tangent, 274 

Greatest term in binomial expansion, 345 


Hessian of cubic, 183 
Higher derivatives, 280 
Highest common factor, R 
Horner’s method, 461 
Hyperbolic functions, 319 
Hypergeometric series, 328 


Imaginary roots of equations, 65, 82 
number of, 89, 90 
Implicit functions, 467 
Independent events, 511 
Indeterminate equations, 415 
Indetermination, limits of, 239 
Induction, method of, 9 
Inequalities, fundamental, 216, 219 
A.M. > G.M., 221 
exponential, 239 
logarithmic, 306, 310 
Infinite continued fractions, 390 
Infinite products, 485 
derangement of factors, 488 
expansion as serjes, 488 


584 


Infinite sequences, 15 
Inflexion, points of, 282, 473 
line of inflexions, 484 
Integration, 289 
Interdependent events, 512 
Intermediate convergents, 402 
Interpolation, Lagrange’s formula, 379 
Interval, 210 
of convergence, 333 
Inverse functions in general, 83, 284 
circular functions, 285 
hyperbolic functions, 321 
Inverse probability, 518, 528 
Inversions, 48 
Irrational numbers, 12, 17 
Dedekind’s definition, 201 
Irrational indices, 209 


Kummer’s test for convergence, 306 


Lagrange’s interpolation formula, 379 
theorem on divisibility, 426, 433 
Least positive residues, 421 
Leibniz’ theorem on differentiation of 
product, 383 
Limits, exponential and logarithmic, 232, 
306, 310 
of a function, 228, 229 
of indetermination, 239 
of sequence, 15, 16 
to roots of equation, 90 
Line at infinity, 152 
Linear congruences, 429 
Linear difference equations, 369 
Logarithmic curve, 309 
function and series, 306, 310-316 
Logarithms, 210, 317 


Maclaurin’s theorem, 291 
Magnification, 80 
Matrices, 135 
Maxima and minima, by differentiation, 
280 
by inequalities, 223 
Mean value theorem, 288 
Minors of determinants, 123, 132 
Modulus of complex number, 56-59 
Monotone sequences, 230 
Multinomial theorem, positive integral 
index, 35-37 
real index, 354 
Multiple roots of equations, 82 
Multiplication of series, 335-338 
Abel’s theorem, 338 
E (x) x E(y)=E (x+y), 336 
Merten’s theorem, 337 


Newton’s approximation to V1 +x, 348 
approximation to roots of an equation, 
456 
method of divisors, 92 
parallelogram, 479 


INDEX 


sums of powers of roots of an equation, 
297 
upper limits to roots, 446 
Node, 473 


Operators 4, E, D, 373, 378, 382 
cos 8+ sin 6, or E (8), 75 
Order and weight of functions, 298 


Partial derivatives, 299 
Partial fractions, 100, 302 
Partition of numbers, 500 
Perfect numbers, 11 
Pfaffian, 141 
Polygon of five sides, 178 
of seventeen sides, 175 
Power-series, 332 
criterion for identity, 334 
Prime and composite functions, 42 
Primitive roots, 438, 444 
Principal value of amplitude, 56 
of inverse circular functions, 285 
of inverse hyperbolic functions, 321 
Principal nth root, 207 
Pringsheim’s theorem on convergence, 257 
Probability, 508 
of causes, 518 
geometrical methods, 522, 526 
Product of consecutive integers, 7 
Lagrange’s theorem, 426, 433 


Quadratic function of x, y, 29 


Raabe’s test for convergence, 326 
Radius of convergence, 333 
Ratio and proportion, 212 
Rational fractions, 100, 357 
integral functions, 23 
roots of equations, 92 
Real numbers, 18, 201 
Reciprocal equations, 168 
determinants, 136 
Rectangular arrays, 135 
Recurring continued fractions, 392, 409 
decimals, 439 
series, 360 
Relative error, 15 
Remainder theorem, 26 
use in determinants, 126 
Residues, associated, 425 
of terms of A.P., 8 
of terms of a.p., 436 
Reversion of series, 467 
Rolle’s theorem, 287 
deductions from, 295 
Roots of equations, number of, 81 
position and character of, 87, 448, 454 
Roots, of complex numbers, 62 
of +1, 64 
of congruences, 428 
Rule of Sarrus, 128 


INDEX 


Scalar quantities, 71 
Scale of relation, 360 
Section of rational system, 200 
of real system, 211 
Sequence, definition of, 15 
bounds, upper and lower limits, 237, 239 
general principle of convergence, 235, 
+) 
monotone, 230 
Series, approximation to sum, 260 
of complex terms, 261 
summation of, 106 
Taylor’s, Maclaurin’s, 290 
Series for cos 0, sin 0, 313 
for cos n0, sinn, 61, 360 
for cos” 8, sin” 0, 62 
for log, 2, 312 
for tan r, 29-4 
Series summable by the binomial theorem, 
351 
exponential series, 314 
logarithmic series, 317 
on", in terms of g, «’ where o=n(n +1), 
o’ =2n+1, 110-112 
Qty x”, where up is a polynomialinn, 110 
(a +nb)(a+n—16)...(a+n+r— 1b), 106 
LA f(a t+-nb)...(a+n+r—1b), 106 
a(atl)...(a+r t) 110 
b(6 +1)... (b+r—1) 
Simple continued fractions, 391 
Smallness, orders of, 14 
Skew-symmetric determinants, 138, 140 
Special roots of x” — 1, 171 
Stirling’s approximation to |n, 515 


Sturm’s theorem, 448, 452 

Substitutions, 47 

Successive events, 515 

Sums of powers of roots, 297 
of two squares, 407, 408 


585 


Surds, 208 
expressed as continued fractions, 401, 
427, 435 
Symbols, 7 (x/y), |n, Pe Cr; 8 
O(x), 14 i 
¿ as an operator, 75 
f(x), 83 
Symmetric continued fractions, 406 
determinants, 138 
Symmetric functions, 44 
of roots cf equations, 95 
order and weight of, 298 
Synthetic division, 24, 84 
Systems of equations, linear, 149 
of any degree, 160 


Tangent to a curve, 274 
Tangents and asymptotes, 473 
Taylor’s theorem and scrics, 290 
for polynomials, 300 
Testimony, value of, 521 
Test-series for convergence J/I/n?, 251 ; 
&l/n(log n)?, 325 
Tetrahedron, volume of, 159 
Three planes, 156 
Transformation, Z=(az+b)/(ez+d), 80 
Transformation of equations, 82-84 
Transpositions, 44 
Tschirnhausen’s transformation for cubic, 
186 
for biquadratic, 195 


Undetermined coefficients, 28 


Vandermonde’s theorem, 340 
Vectors, 70-76 


Weierstrass’ inequalities, 216 
Whitworth’s theorem, 499 
Wilson’s theorem, 425, 433 


